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This dissertation is a theoretical and experimental study of a new type of cell separator 
microsystem. Over the last decade, considerable research efforts have been focused on 
developing microfabricated filters for separating specific living cell types from biological 
fluids or tissues. This scale-down approach is crucial for high throughput and expensive 
biological assays that involve scarce samples. Cell separation is mainly achieved on the 
basis of physically different cell populations, cell surface molecular markers, and 
functionally different cell populations. Of these, methods exploiting the properties of the 
cell surface, via specific ligand receptor binding, have high purification yields. The 
rapidly growing list of monoclonal antibodies with specificity towards cell surface 
molecules, provide a broad scope for immunological separation strategies.  
Immunoaffinity based cell separation has been demonstrated in microchannel type filters 
containing microbeads with immobilized antibodies. In some applications, the 
microbeads may possess useful electrical or magnetic properties that improve the 
efficiency of separation. Moreover, use of external fields, such as magnetic fields, affords 
greater control over the cell-bead complex and facilitates novel separation protocols. 
 
Our system incorporates a fundamentally different flow phenomenon that is unique to 
microfluidics. I have studied and validated the operational principle of such a 
microseparator system with two fluidic inlets merging into one main channel and 
subsequently splitting into two outlet channels. This results in two phase flow of identical 
 vi 
 
aqueous solvents in the main channel. The first part of this dissertation is a study of 
magnetic nanoparticles only. Magnetic nanoparticles were entrained in the flowing 
solvent entering one inlet channel while the other inlet channel had pure solvent input. 
The application of a magnetic field using a simple permanent magnet causes increased 
migration of nanoparticles into the pure solvent channel. In the absence of the magnetic 
field, the particles are able to diffuse into the particle free phase. A steady state 
convection diffusion model describes the transport of nanoparticles in the microchannel. 
Particle velocities are estimated from magnetic and hydrodynamic interaction forces. It is 
shown, how particle separation is affected by Péclet number, channel length to width ratio 
and magnetic field strength and field gradient. Experiments were conducted with three 
particle sizes, 1000 nm, 500 nm and 100 nm. Results revealed a significant discrepancy 
between theoretical and experimental particle separation under the applied magnetic field. 
A correction term was introduced into the magnetic force equation. Experiment and 
theory could be reconciled with the insight that the correction term scales linearly with 
the volume of the nanoparticle core. 
 
The second part of this dissertation is a theoretical and experimental study of the 
microfluidic magneto-affinity separation of cells. Owing to the comparable size of the 
cell-bead complexes and the microchannels, the walls of the microchannel exert a strong 
influence on the separation of cells by this method. A quantitative description of 
hydrodynamic wall interactions and wall rolling velocity of cells is presented.  A transient 
convection model describes the transport of cells in two-phase microfluidic flow under 
the influence of an external magnetic field. Transport of cells along the microchannel 
 vii 
 
walls is also considered via an additional equation. Results show the variation of cell flux 
in the fluid phases and the wall as a function of a dimensionless parameter arising in the 
equations. Our results suggest that conditions may be optimized to maximize cell 
separation while minimizing contact with the wall surfaces. Experimentally measured cell 
rolling velocities on the wall, indicate the presence of other near-wall forces in addition to 
fluid shear forces. Separation of a human colon carcinoma cell line from a mixture of red 
blood cells, with folic acid conjugated 1 m and 200 nm beads, is reported. The 
separation yield, purity and viability are tabulated and the 200 nm beads are found to be 
more effective. Qualitative agreement with the model is good. Recommendations are 
made for further improvements towards a commercial product. 
 viii 
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Chapter 1                                                                                     
Introduction 
Separation of a specific cell type from a mixed cell suspension has numerous important 
applications in medicine and life science research. The isolated cells can be used for, 
among other things, biochemical study, product analysis, cloning, preparation of pure 
cells for transplantation and bioreactor operation. Isolating subpopulations of living cells 
is also a challenging work, because cells cannot be subjected to high mechanical forces, 
adverse chemicals or environmental changes (buffer, temperature, etc). So the separation 
method used for biomolecules is often not applicable to cells. The viability and bio-
activity of cells should be maintained during the separation process. Conventional cell 
separation methods such as centrifugation are quite time consuming and have low 
separation efficiency. There are also some commercially available cell separators. 
However, they are quite large, expensive, complicated and need large number of samples. 
Sometimes, the tissue samples can be very costly and the cell numbers are quite small. 
Hence, it is meaningful to develop a microfabricated cell sorter, which is small, cheap, 
easily controllable, and can rapidly and continuously separate any specific cell type.  
 
Cells can be separated based on different properties: (1) physical properties such as size, 
density, charge and native magnetic property of the cells; (2) affinity properties which 




detailed discussion of various cell separation methods is presented in Chapter 2. 
 
1.1 Background 
1.1.1 Cell Surface Receptor / Ligand Binding 
The binding of a cell surface receptor to a suitable ligand is the kernel of magneto-affinity 
cell separation. There are three main types of cell receptors: peripheral membrane protein 
receptors (adhering to the biological membrane temporarily), transmembrane receptors 
and intracellular receptors. In our case, we focus on the transmembrane receptors, also 
called cell surface receptors. The extracellular domain of the receptors is for binding 
ligands in extracellular space. The number of any specific receptors per cell is usually in 
the range of 104 to 106 [1]. Receptors and/or ligands may have more than one binding 
sites. Monovalent ligands are usually preferred for cell separation. The following 
equation describes the binding of receptors and ligands, in which monovalent ligands (L) 
bind reversibly to monovalent receptors (R) to form a receptor/ligand complex (C) [1]: 
 
Where kf is the association kinetic rate constant, kr is the dissociation kinetic rate constant 
and they are dependent on the temperature and medium composition, including pH and 
small ion concentrations. 
 
Two approaches are available to isolate the specific cells: positive and negative 







ligands. This method can be used to isolate rare cell populations from cell mixtures. The 
disadvantage is that the separated cells have to be recovered by removal of the bound 
ligands. Negative selection means the unwanted cells are targeted for depletion using the 
monovalent ligands bound to specific cell surface receptors. The desired cells are not 
labeled with the ligands. It is applied to remove specific contaminating cell populations 
from a heterogeneous cell mixture. This method requires the use of multiple monovalent 
ligands to identify all the unwanted cells. Considering the availability and cost of suitable 
ligands, positive selection is the usual choice for separation since it requires only one 
ligand.  
 
Labeling the cells can be classified as direct or indirect [2]. Direct labeling refers to cells 
labeled with particles which have already been conjugated with appropriate ligands. For 
indirect labeling, the targeted cells are first activated with appropriate ligands and then 
labeled with anti-ligand molecules coated on particles. The major disadvantage of the 
indirect method is that the residual ligands will block the binding sites on the particles 
and reduce the separation efficiency. It is necessary to remove the unbound ligands before 
adding the particles and lengthens the process time. In addition, the indirect way needs 
two types of ligands, while, the direct way only needs one. In our work, we will apply the 
direct labeling method which only needs one step labeling and is less costly. 
 
1.1.2 Magnetic Particles 
There are many types of magnetic particles (ferromagnetic, paramagnetic, diamagnetic, 




Ferromagnetic particles will be magnetized by the external magnetic field and retain a 
large net magnetization after the removal of magnetic field. Iron, nickel, and cobalt are 
examples of ferromagnetic materials. Paramagnetic particles will have paramagnetism 
only in the presence of an externally applied magnetic field and do not retain any 
magnetization when the external field is removed, which is unlike the ferromagnetic 
particles. Paramagnetic particles have a small and positive magnetic susceptibility. In a 
weak magnetic field, the magnetization remains unsaturated. Paramagnetic materials 
include magnesium, molybdenum, lithium, and tantalum. Diamagnetic particles have a 
very weak and negative susceptibility to magnetic fields. They are slightly repelled by a 
magnetic field and do not retain the magnetic properties when the external field is 
removed. Most diamagnetic materials are in the periodic table, including copper, silver, 
and gold. Superparamagnetism is a phenomenon by which magnetic materials may 
exhibit a behavior similar to paramagnetism. Superparamagnetism occurs when the 
material is composed of very small crystallites (1-10 nm). The superparamagnetic 
nanoparticles have a higher susceptibility compared to paramagnetic particles. The 
particles are typically composed of iron oxide (Fe2O3 or Fe3O4). The magnetic hysteresis 
curve has a steep initial rise and then a more gradual increase to saturation. The hysteresis 




Fig 1-1: Hysteresis curves of (a) ferromagnetic, (b) paramagnetic, (c) diamagnetic and (d) 
superparamagnetic particles [4].  
 
1.1.3 Microfluidic Device 
A microfluidic device is comprised of microchannels with a characteristic dimension of 
less than 1 mm. The application of microfluidic devices in medicine and life science 
research has many significant advantages, such as requiring very small amount of 
reagents and analytes and easy to be integrated onto the small chip for portable device. 
The behavior of fluids at the microscale is different from the macroscale. The Reynolds 
number for an aqueous fluid flowing in a microchannel is usually less than 1 [5], due to 






completely laminar and no turbulence occurs. The laminar flow means that the fluid 
flows in parallel layers and no convective mixing of fluids occurs between the layers. 
Hence, the only way for the molecules or particles to transport between layers is by 
diffusion. The diffusion length or displacement of a molecule or particle in a time interval 
t can be described by 2dL Dt , where D is the translational diffusion coefficient of the 
molecule or particle. For spherical particles in a dilute solution, the diffusivity may be 
estimated from Stokes-Einstein equation 
R
kTD 6  , where k is Boltzmann's constant, T 
is the absolute temperature,  is the viscosity, R is the radius of the diffusing spheres. 
From the above equation, we can see that small spheres, such as a fluorescent molecule, 
have large diffusion coefficients. Cells, with characteristic dimension greater than 1 m, 
have larger size and very small diffusion coefficients. 
 
Flow phenomenon in a microfluidic device can be illustrated by a flow test of 
fluorescence dye FITC in a two inlets/outlets microchannel (100 m (width) × 50 m 
(height) × 3 cm (length, L)). Around 50 M FITC was pumped into one channel inlet and 
DI water was pumped through another inlet. The fluorescent images at the channel inlet 
and outlet are shown in Fig 1-2. Fig 1-2(b) shows the two flowing fluids are perfectly 
unmixed and confined to their own phases at the inlet of the channel. From Fig 1-2(d)-(f), 
we can see that smaller flow rate causes larger diffusion of molecules, due to the higher 
residence time. The diameter of FITC is around 0.6 nm and its calculated diffusion 
coefficient is D=7.31×10-10 m2/s. For the flow rate of 0.5 L/min (avg=0.333 cm/s), 10 









Fig 1-2: Flow test of fluorescein. (a) Images of channel inlet; (b) Fluorescent images of 
channel inlet; (c) Images of channel outlet; (d) Fluorescent images of channel outlet with 







1.1.4 Microchannel Fabrication 
Microfabrication is the process of fabrication of micron-sized or even smaller structures, 
which can be applied in fabrication of integrated circuits, MEMS device, microfluidic 
device, biosensor, biochip and other devices. Photolithography and Polydimethylsiloxane 
(PDMS) micromolding are the most widely used technique for the fabrication of 
microfluidic device.  
 
1.1.4.1 Photolithography 
Photolithography is a process of transferring a geometric pattern from a photomask to a 
light sensitive chemical (photoresist) on the substrate (silicon or glass wafer). The steps 
involved in the photolithography process are substrate preparation, photoresist coating, 
soft baking, UV exposure, post exposure baking, development and hard baking. The 
substrate should be flat, clean and dry for coating photoresist. The substrates can be 
cleaned with H2SO4 and H2O2 or by oxygen plasma to remove the organic, ionic, or 
metallic impurities. The substrate is held on a spinner chuck by vacuum and photoresist is 
coated to uniform thickness by spin coating. The resist thickness is set by the resist 
viscosity and the spin speed.  As the resist is liquid, soft baking step is necessary to 
remove excess solvent. After soft baking, a mask is aligned with the substrate and the 
photoresist is exposed through the pattern on the mask with UV light. There are three 
main exposure methods: contact, proximity, and projection. Before developing, post 
exposure baking is performed to help reduce standing wave phenomena caused by the 
interference patterns of the incident light. The hard baking is the last step, which is used 




photoresist to the substrate surface. It is also useful for annealing any surface cracks. 
 
There are two types of photoresist: positive and negative. For positive photoresist, the 
chemical structure of the resist is changed when exposed to UV light. The resist becomes 
soluble and can be washed away by the developer, leaving the unexposed part on the 
surface of the substrate. The pattern on the substrate is same as that on the mask (Fig 1-3). 
Negative photoresist functions in the opposite mode. Exposure to UV light will cause the 
negative photoresist to become polymerized and more difficult to dissolve in the 
developer. The unexposed resist will be removed by the developer and the exposed resist 
remains on the surface of the substrate. Therefore, the pattern on the substrate is inverse 





Fig 1-3: Schematic diagrams of the application of positive and negative photoresist 
 
1.1.4.2 PDMS Micromolding 
Polydimethylsiloxane (PDMS) is the one of the most widely used silicon-based organic 
polymers for the fabrication of microfluidic devices. It is optically clear, inert, non-toxic, 
and non-flammable. The chemical formula of PDMS is (CH3)3SiO[SiO(CH3)2]nSi(CH3)3 



























Fig 1-4: Chemical structure of PDMS 
 
A PDMS microfluidic device is fabricated by casting the liquid prepolymer of PDMS 
against a master with pattern on the surface (which is made by photolithography). The 
process of PDMS micromolding is shown in Fig 1-5. 
 
Fig 1-5: Schematic diagrams of the process of micromolding PDMS microchannel 
 
The PDMS microchannel can be irreversibly sealed with another PDMS or glass by air or 
oxygen plasma [6]. After plasma treatment, the surface of PDMS is oxidized. At the 
surface, the group Si-CH3 converts to Si-OH. When bringing two treated PDMS into 
conformal contact, the Si-OH groups on one surface will condense with the OH groups 
on another surface and form the covalent siloxane (Si-O-Si) bonds after loss of water (Fig 
1-6). The sealing between the two pieces of PDMS is very strong and can withstand 
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Fig 1-6: Schematic diagrams of the process of PDMS sealing 
 
1.2 Scope and Specific Aims of Study 
This dissertation combines theoretical and experimental studies aimed at developing a 
continuous microfluidic magneto-affinity cell sorter which can separate a specific cell 
type from a mixed cell suspension. The design of this new type of cell sorter is facilitated 
by development of a detailed mathematical model, elucidation of the magnetic force 
experienced by the nanobeads and addressing wall effects that strongly influence the 
separation.  The specific aims of this study are as follows:  
1) Development of detailed mathematical models describing transport of magnetic 
nanoparticles or cell-nanoparticle complexes in two-phase microfluidic flow. 
2) Fabrication of microfluidic system and quantitative study of magnetic force 
experienced by nanoparticles, wall effects on cell separation and key cell separation 
parameters. 
3) Experimental determination of specific and nonspecific binding parameters 
describing ligand conjugated nanoparticles binding to cell surface receptor. 
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Chapter 2                                                              
Literature Review 
2.1 Cell Separation Methods 
Typical animal and plant tissues are comprised of a mixture of different cell types. Many 
separation devices and methods have been developed to isolate a specific cell type from 
composite tissues. Cells can be separated based on different properties: especially the 
physico-chemical properties (see Table 2-1). The physical properties refer to the different 
sizes, densities, charges and native magnetic properties of the cells. The affinity property 
usually refers to the specific binding between cell surface receptors and ligands. Cell 
surface antigen and carbohydrate receptors are two most widely used receptors for 
applications in affinity cell separation. In the following section, we will introduce 
antibody-antigen affinity (immunoaffinity) and lectin-carbohydrate affinity (non 
















Table 2-1: Methods of cell separation 






Marrow stromal cells[9] 
CD34+ cells[10, 11] 
Microstructure White, red blood cells[12, 13] 
E. Coli [14] 
Density Density Gradient 
Centrifugation 
White, red blood cells[15] 
Lymphocyte subsets[16] 
Charge Dielectrophoresis Tumor, leukemia cells[17-19] 
Yeast cells[20] 
































T, B cells[34, 35] 
Microfabricated 
FACS 






B cells[38, 39] 
T cells[40] 
















2.1.1 Cell Separation by Physical Properties 
2.1.1.1 Separation by Size 
Cell separation can be accomplished by membrane filtration [8-11]. The pore size of a 
membrane can be controlled by using different materials and preparation methods. The 
cells with size smaller than the pores will go through the membrane and the bigger cells 
will be retained on the membrane surface. Cells with different size can also be separated 
through the special microstructure, such as the deterministic lateral displacement device 
[12], the step-wise tapered micro or nanochannel [14], a gravity-driven cell sorter with 
widening flow streamlines [13], etc. However, these methods can only be used for the 
size separation of cells and it is quite difficult to separate the cells with similar sizes.  
 
2.1.1.2 Cell Separation by Density 
Density gradient centrifugation [15, 16] is another way to isolate the cells. The cells with 
different density are initially separated by this method and need further purification. It 
also fails when dealing with the rare cell types or some very small cells which have very 
low sedimentation rates. 
 
2.1.1.3 Cell Separation by Charge 
Many research groups [17-20] have developed the dielectrophoresis (DEP) separation 
systems for cells with different dielectric or charge properties. DEP uses the interactions 
between the intrinsic dielectric properties of cells and the applied electric field. Under the 




different equilibrium heights and transported at different velocities.  
 
2.1.1.4 Cell Separation by Magnetic Properties 
Cells can also be separated based on their native magnetic properties. For example, the 
red blood cell shows paramagnetism and the white blood cell is diamagnetic. They will 
be attracted or repelled under the magnetic field. Han and Frazier [21, 22] and Furlani [23] 
have separated red and white blood cells from whole blood based on this property. The 
cells have very small magnetic susceptibilities, a high gradient magnetic field (HGMF) is 
needed to increase the magnetic force.  
 
2.1.2 Cell Separation by Affinity Properties 
2.1.2.1 Cell Separation by Lectin-Carbohydrate Affinity (Non-Immune) 
Lectins are a group of plant carbohydrate-binding proteins or glycoproteins which are 
highly specific for their sugar moieties, such as cell surface carbohydrate receptors which 
are expressed by all eukaryotic cells. Lectins exhibit a high degree of discrimination 
among complex carbohydrates, and hence they can be used for isolating and purifying 
cells which contain specific surface carbohydrate groups [24, 25]. Lectins can be coupled 
with magnetic materials [25] or matrix which are fixed in a column [24] and then desired 
cells can be captured by the matrix.  
 
2.1.2.2 Cell Separation by Antibody-Antigen Affinity (Immune) 




antigen with its antibodies. Typically, these antibody labels are covalently linked to a 
support matrix, a molecule or a particle. Accordingly the separation methods can be 
classified into three categories: immunosolid/immunomatrix, immunofluorescent or 
immunomagnetic. 
 
Commercial immunosolid/immunomatrix separations have two applications. One is the 
attachment of the specific antibody to a surface, such as immunopanning [26, 27]. The 
specific cells can be adhered to the antibody coated petri dish. Cells bound to the 
antibody stick to the dishes and unbound cells are washed off and collected. This method 
is still quite useful to separate T cells and B cells [26]. The disadvantage is the 
discontinuity of the process.  
 
Another application is the attachment of specific antibody or molecules to packing 
materials or matrix within a column. First, the packing matrix can be coated with the 
specific antibody. The cell mixture flows through column and the wanted cells will bind 
to the antibody coated matrix, and then the unbound ones will flow through the column 
and can be collected for other use [28]. Additionally, the packing matrix can be coated 
with biomolecules, such as avidin. Avidin-biotin adsorption is another important method 
and is used to purify and deplete T cells. Avidin-biotin affinity column was developed 
originally by Berenson et al. [29-31]. CellPro has refined and developed several products 
(such as CEPRATE system) which are widely used for the purification of different cells 
[32]. This type of column contains large beads which are covalently linked with avidin. 




between avidin and biotin, the biotin labeled cells will specifically adhere to the avidin 
beads. 
 
Another immunoaffinity-based cell separation method is fluorescence activated cell 
sorting (FACS). This system is established on flow cytometry and used to separate cells 
based on optical and fluorescent properties. Fluorescence labeled antibodies will attach to 
the particular cells. The fluorescent droplets will be detected and charged differently. This 
charged drop is then deflected left or right by charged electrodes and into sample tubes. 
There are many commercially available FACS systems (Beckman Coulter, Becton 
Dickinson, Cytomation). Many types of cells can be separated by FACS [33-35]. The 
advantage of FACS system is that many cell types can be sorted from the cell mixture to 
different containers, based upon the different properties of each cell. However, these 
systems have low throughput. The cells form a charged drop and one cell can be sorted at 
a time. Besides, the systems are very large and expensive. Nowadays, some researchers 
are working on the microfabricated FACS system to scale down the dimension and lower 
the expense [36, 37].  
 
2.2 Magnetic Separation 
2.2.1 Separation of Magnetic Particles Only 
Advances in particle synthesis methods and other associated nanotechnologies have led to 
availability of superparamagnetic nanoparticles, with different shell and surface 
modifications, over the last decade [50]. These particles have many important 




and sensor technologies under development employ nanoparticles in microfabricated 
systems [52].  The simplest and most conventional magnetic system is using permanent 
magnets directly. The separators with H-shape[53] or one inlet and multiple outlets 
(multi-phase flow)[54] or two inlet and two outlet (two-phase flow)[55-57] microchannel 
has been developed to separate magnetic and non magnetic microparticles as well as 
different magnetic particles (Fig 2-1). The only disadvantage is that magnets generate a 
very low gradient of magnetic field and therefore magnetic force on individual particles is 
too small. So low flow rates should be applied to such systems. However, for this kind of 
system, it is easy to apply the permanent magnetic field and does not need any 
complicated fabrication process of magnetic elements. 
Fig 2-1: Magnetic sorters with (a) one inlet and multiple outlets microchannel [54]; (b) 
two inlet and two outlet microchannel [57]. 
 
Alternately, high gradient magnetic separator (HGMS) can generate a large magnetic 
force on the particles and it is much easier to implement compared to the increase of 
magnetic strength. The simplest and conventional design for high gradient magnetic 
separation (HGMS) is to place magnetic stainless steel wool into a tube, which is then 





microfabrication techniques, integrating ferromagnetic wire into microfluidic devices 
attracts more and more attention and the requirements for field strength can also be 
reduced. Under the external magnetic field, the ferromagnetic wire will be magnetized. 
The magnetic field is deformed near the ferromagnetic wire and generates a high gradient 
magnetic field. Many HGMS have been developed, such as aligning magnetic strips[47, 
59] on the bottom of fluid chambers, depositing microfabricated magnetic wire in the 
middle of microchannel [21, 22, 60] or placing the magnetic element on one side[61] or 
both sides [62-64] of the channel (Fig 2-2). The magnetic elements will be magnetized by 
external magnetic field and generate a high gradient magnetic field. One big advantage of 
HGMS is that high field gradient will generate a large magnetic force on the particles and 
make the particles much easier to be separated compared to other magnetic separation 
methods.  However, the magnetic field in the system is not uniform and high magnetic 
field and field gradient were generated near the magnetic elements. Particles will be 
attracted by the magnetic elements and it needs one more step to release the particles by 
removing the external magnetic field. For the cell separation application, the contact with 
surface of channel or magnetic elements will damage cells.  
 
Open gradient magnetic separator (OGMS) is another type of magnetic sorter. OGMS do 
not need the ferromagnetic wires matrix and utilizes the field gradient produced by the 
magnet itself. The basic setup of OGMS is using the quadrupole or multipole magnetic 
field. OGMS generates a fixed field gradient which is relatively smaller compared to 
HGMS [58]. Macro-OGMS have been widely used to separate magnetic particles[65] and 




integrated with a microfluidic channel has also been developed to separate magnetic 
particles[69] (Fig 2-3(b)). However, research related to micro-OGMS is seldom in 
literature due to the relatively small magnetic field and field gradient.  
 
Fig 2-2: Microfabricated HGMS: (a) aligning magnetic strips on the bottom of fluid 
chamber[47]; (b) fabricating a ferromagnetic wire in the middle of a microchannel[21]; (c) 
fabricating magnetic layer beside the channel[61]; (d) fabricating magnetic elements on 




Fig 2-3: (a) Macro-OGMS with quadrupole magnets[58]; (b) microfabricated OGMS 








Magnetic separator which is controlled by current also attracts more and more attention 
now. Giant magnetoresistive (GMR) sensor has been developed to separate the magnetic 
particles with different magnetophoretic mobilities in a microfluidic channel using an 
alternating travelling magnetic field [70]. The GMR chip created a flowing magnetic field 
by four conductors. The current was sent to the conductor and produced a magnetic field 
maximum at the center of the ring conductor. The magnetic particles can be moved step 
by step when the current was sent to the conductors alternatively and periodically. Chen 
Yu et al. [71-73] also designed a magnetic device which consisted of arrays of microcoils 
with small conductors and with ferromagnetic pillars as magnetic cores (Fig 2-4). The 
magnetic pillars in the middle of each loop sharply enhanced the gradient of magnetic 
field. By alternatively injecting currents to the microcoils, magnetic beads can be 
attracted by the pillars and moved in different modes and step sizes. These kinds of 
systems are quite flexible and controllable, however, the particles can only be moved step 
by step and whole separation process is not continuous. 
 
 
Fig 2-4: GMR chip with ferromagnetic pillars and arrays of microcoils [72]. 
 
2.2.2 Magnetic Cell Separation 
The basic principle of magnetically-activated cell separation (MACS) is that the wanted 




cells can be separated under the influence of an external magnetic field. The magnetic 
particles, ranging in size from 10nm to 10m, are typically impregnated with iron oxide 
(Fe2O3 or Fe3O4) and coated with ligands which are bound to a particular receptor on the 
cell surface. Magnetic labelling of cells can be achieved either by attaching magnetic 
particles to the cell surface [47, 66] or by introducing magnetic nanoparticles into the 
cell[49].  
 
Commercial magnetically-activated cell separation (MACS) columns [38] (MACS 
system, Miltenyi Biotec GmbH, Bergisch Gladbach, Germany; MPC separator series, 
Dynal AS, Trondheim, Norway) are already available now. The column with steel wool is 
placed between the poles of a magnet (Fig 2-5). The magnetic beads labeled cells will be 
attracted by the wool matrix and the unlabeled cell are eluted. The labeled cells can be 
eluted by removal of the magnet. However, these systems have several drawbacks, such 
as the requirement of large number of samples, long analysis times and the discontinuous 
separation. Another big disadvantage is that the cells will be damaged by the strong 
surface tension when attracted by the wool matrix. Important clinical and research 
applications often involve very small and valuable samples. Some studies have discussed 
microfluidic magnetic cell sorters [47-49]. Due to the small magnetic susceptibilities of 
microparticles or nanoparticles, a strong magnetic field or a high gradient magnetic field 
(HGMF) is needed to shorten the separation time, which becomes a major problem when 





Fig 2-5: Magnetically-activated cell separation (MACS)[74]. 
 
Now, many researchers have studied the microfluidic magnetic cell sorters [47-49]. The 
simplest magnetic cell separation system is placing the permanent magnets [49, 75, 76] 
(Fig 2-1(b)) or electromagnet [77] beside the microchannel directly. Additionally, Lee et 
al. have fabricated a microelectromagnet matrix into the microfluidic channel to 
manipulate yeast cells [78]. High gradient magnetic separation (HGMS) is another 
effective method for particle or cell separation since it can produce a large separation 
force with simple device structure by increasing the gradient of magnetic field. With 
development of microfabrication techniques, integrating HMGS into microfluidic devices 
has attracted much more attention. Han et al. [21, 22] have fabricated the ferromagnetic 
wire in the middle of a microchannel to separate red blood cells from white blood cells 
(Fig 2-2(b)). In other designs, a microfabricated magnetic layer [61] or strips [47, 48, 79] 
were fabricated adjacent to the microfluidic channel to trap the magnetic particle labeled 





2.3 Modeling of Magnetic Separator 
Mathematical models of magnetic particle/cell separation in microfluidic channels are 
rare in the literature. Past theoretical models may be divided into two types, capture of 
magnetic particles only [80-83], and capture of cells [21, 22, 61, 75]. Models of the 
former type are also suitable for cell separation applications. Many simulation models 
have been developed to describe the particle trajectory under the effect of different 
magnetic sources, such as permanent magnet [84] or electromagnet [83], HGMF created 
through ferromagnetic wires [80, 85] or an array of integrated soft-magnetic elements 
[86], and open gradient magnetic field [87]. The concentration distribution [81, 82, 88-90] 
of particles under various magnetic sources also has been investigated by using 
advection-diffusion equation.  
 
All previous theoretical studies incorporate basic magnetic and hydrodynamic forces. 
However, in microscale continuous flow systems, additional hydrodynamic interactions, 
such as interparticle and particle-wall interactions must be considered, due to their 
significant influence on particle motion and distribution. Mickkelsen and co-workers [91] 
have presented a theoretical comparison of magnetic and hydrodynamic interactions 
between microbeads (5 m) in a microfluidic channel. They have only considered a 
single fluid flow system with far field hydrodynamic interactions with one wall. In their 
paper, they have highlighted the importance of hydrodynamic interactions between beads 
that scale as inverse of distance, versus magnetic interactions that scale as inverse cubed 
of distance, to leading order.  That meant the hydrodynamic interactions contributed a lot 




Mickkelsen and co-workers[92] further studied the hydrodynamic interactions on bead (2 
m) capturing with different bead densities and constant magnetic force. At low density 
(< 108/mL), the bead capture rate was constant and independent of the density. At high 
density (>109/mL), the bead capture rate was increased with the increase of density and 
reached 100%. The bead-bead interaction greatly helped the bead capturing.  
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Chapter 3                                                                                           
Magnetic Nanoparticles Migration in Microfluidic 
Two-phase Flow 
Continuous separation of superparamagnetic nanoparticles in a microfluidic system has 
numerous applications, especially in novel sensors based technology platforms. This 
study is concerned with quantitative theoretical and experimental comparison of 
superparamagnetic nanoparticles, migrating in two phase microfluidic flow, due to a 
magnetic field generated by a simple permanent magnet. Our mathematical model 
describes steady state convection-diffusion of the particles in the microchannel. The inter-
phase migration velocity is estimated from magnetic and hydrodynamic forces acting on 
the particles. Experimental data is provided for particles of size 1000 nm, 500 nm and 






3.1.1 Model Formulation 
 
Fig 3-1: Schematic representation of magnetic bead transport in two-phase flow when a 
permanent magnet is placed adjacent to the microchannel 
 
A schematic depiction of the transport of spherical nanobeads in two-phase flow in a 
microchannel is presented in Fig 3-1. The incoming beads are entrained in upper phase 
(feed channel), while lower phase (separation channel) is beads free. A transverse 
magnetic field is applied as shown (Fig 3-1), and the beads migrate to lower phase under 
the action of the magnetic field force on the nanobeads. The number density (# of beads 
per unit volume) of beads C(t,x,z) in the channel can be expressed by the mass 




 )( u      (3-1) 
Where, u = iux + kuz is the bead velocities (ux and uz are the bead flow velocities in x and z 
direction respectively), D is the diffusion coefficient estimated from the Stokes-Einstein 
equation due to the hydrodynamic approximations discussed below, R is mass change by 



























     
(3-2) 
Subject to the following initial and boundary conditions (H: width of the microchannel):  













     
(3-3) 
 
3.1.2 Magnetic Field Force & Inter-particle Magnetic Interactions 
 
Fig 3-2: Schematic diagram of interaction between two magnetic dipoles 
 
Under the external magnetic field, the magnetic particles will be magnetized and generate 
magnetic moments. The induced magnetic moments also will give rise to their own 
magnetic fields and they can thus interact. The magnetic interaction between two 
spherical particles (particle 1 and 2) is considered in this model (Fig 3-2). For the 
calculation given below, an average external magnetic field is assumed as per our 
measurements given in Fig 3-8. Hence, the magnetic moments of particle 1 ( 1m
 ) and 2 
( 2m
 ) are same and equals to Mdmm bc
 3
21 6
 , where, dbc is core diameter of particles 





















  . is the volume magnetic susceptibility of the particles, is 
magnetic permeability of air or vacuum and B

 is the external magnetic field and B is the 
strength of magnetic field.  
 
The presence of a magnetized particle will generate magnetic field and therefore change 
both the magnetic field around the other magnetized particle and its magnetization. 































































 . r  and r are unit vector and 





















                                                                  
(3-5) 
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From the above equation, we can see that the magnetic force F2, F3 and F4 are inversely 
proportional to r3, r4 and r7 respectively. When r increases, these forces will drop rapidly. 
Also, the magnitude of these forces is dependent on the relative position of two particles 
(). Fig 3-3 shows the magnitude of four magnetic forces of 1 m particles (core 
diameter 120 nm) induced by the magnetic interaction and external magnetic field. When 
r > 1.84×10-6 m or particle number density < 1.6×1011/mL, the value of F2, F3 and F4 
are less than 0.005%, 5% and 0.00025% of F1 respectively, In our experiment, particle 
density was kept at 9×107/mL and F2, F3 and F4 are smaller than F1 by more than 8, 6 
and 12 orders of magnitude respectively. This allows us to ignore inter-particle magnetic 
interaction in the velocity calculation described in section 3.1.4. 
 
In a weak magnetic field, the magnetization of superparamagnetic particles remains 
unsaturated. A strong magnetic field is needed to saturate the magnetization of the 




mediumaq, the magnetic force equations for unsaturated and saturated beads are 
expressed by following equations respectively[95, 96]. 









     (3-9a) 




  is the gradient of magnetic field, Vm is the volume of the 
superparamagnetic core of nanobeads and ms is the saturated magnetic moment.  


























Density (#/mL)8.0e9 1.0e9 2.96e8 1.25e8 6.4e7  
Fig 3-3: Magnetic force of 1 m particles (core diameter 120 nm): F1 (black line), F2 (red 
line), F3 (green line) and F4 (blue line) (=0° or 180°, B=0.0432 T, =35.1 T/m) versus 
center to center distance of two particles r or particle number density.  
 
3.1.3 Hydrodynamic Interactions 





hydrodynamic forces, 1) arising from bead-bead interactions (the hydrodynamic 
interaction between one bead and its nearest neighboring bead), and 2) due to bead-wall 
interactions (the hydrodynamic interaction between one bead and the two walls of the 
channel). The bead-bead interactions may reduce the drag force experienced by beads and 
may be estimated from the point force calculations of Blake [97, 98] or the exact 
calculations (without walls) given by Happel & Brenner [99]. We have estimated the bead 
densities that will yield less than 5% deviation from the Stokes drag on a sphere and fixed 
our experimental bead densities to be more than an order of magnitude below these 
theoretical values. 
 
The consideration of bead-wall hydrodynamic interactions affects a region very close to 
each wall, i.e. where the drag force exceeds the unbounded value by more than 5%.  
Based on the approximate two wall calculations of Halow & Wills[100] (as discussed by 
Ho & Leal [101]) we estimate this near wall region to be 6% (1000 nm), 3% (500 nm) 
and 0.5% (100 nm) of the total width.  Thus to a first approximation, we have ignored 
both bead-bead and bead-wall interactions. 
 
3.1.4 Interphase Velocity uz 
The drag force experienced by a bead, perpendicular to the wall is expressed by Stokes 
equation  zbdrag udF 3 , with a correction coefficient .  < -1 with wall effect and  
= -1 in unbounded fluid [102]. As discussed above, we regard = -1, then 
                            zbdrag udF 3       (3-10) 









u 3 , where db is 
the bead diameter. 
 
3.1.5 Bead Velocity ux 
The x-directed bead velocity is also influenced by hydrodynamic interactions. However, 
due to our approximation stated above, the bead velocity may be equated to the fluid 
velocity. The fluid velocity profile may be determined from the Stokes flow equation and 
changes with the aspect ratio (width/height) of the microchannel (Appendix VI). We have 
independent experimental confirmation of the profile predicted by theory [103]. Based on 
this predicted profile, we have evaluated the errors arising from approximating ux as 
constant. The result shows less than 0.5% deviation of the predicted particle fluxes due to 
the constant velocity approximation and is a function of particle diffusivity. Thus results 
presented here are based on constant ux (i.e. flowrate/x-section area).    
 
3.1.6 Normalization of Variables 
All variables are normalized as ' ' '
0
, ,C x zC x z
C L H
   . Hence, Eqn. (3-2) and (3-3) are 
changed to:   
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3.1.7 Particle Distribution with Magnetic Field B 
For the case of constant bead velocities, ux and uz, separation of variables and Fourier 
series method was used to derive an analytical solution of Eqn. (3-11) subject to the 
boundary conditions given by Eqn. (3-12). The analytical solution is given by: 
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The solution given by Eqn. (3-13) suffers from slow convergence and was utilized mainly 
to confirm our numerical simulations. 
 
3.1.8 Particle Distribution without Magnetic Field B 
If there is no magnetic field applied to the channel, then the particles do not experience 
force Fm and uz = 0. For this case, the particle distribution within the channel at steady 
state is given as 
2 2 '' ' ' '
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3.1.9 Separation Ratio 
Fluxes (#beads/time/area) are computed as the integral of the velocity and number 
density over the respective z coordinates of each phase. The average bead flux in channel 
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Moreover, 1 sepfeed FRFR  should be satisfied at steady state.  
 
3.1.10 Numerical Simulation 
Eqn. (3-11) was solved with the finite difference method (upwind differencing in x and z 
directions) [104]: 
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0i j i j i j i j i j i j i j
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 (3-16) 
The grid was refined until the results were convergent. In our simulations, the interval in 
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The numerical code was verified by comparison to three analytical solutions: 1) the 
solution given by Eqn. (3-13), 2) the solution given by Eqn. (3-14), and 3) the case of 




programmed by Matlab (The MathWorks, Inc., USA) (Appendix VIII-(1)) and carried out 
on an Intel(R) Core(TM)2 Duo PC running at 2.33 GHz with 3.25 GB of RAM.  
 
3.2 Experimental Materials and Methods 
3.2.1 Microchannel Fabrication  
The microfluidic channels with dimension of 20(L) ×0.23(H) ×0.075(height) mm3 were 
fabricated by photolithography and micromolding technique. The master was produced 
by SU-8 50 negative photoresist (Microchem Corp, USA). SU-8 was spin-coated on a 
silicon wafer and then pre-baked at 65 oC for 6 min and at 95 oC for 20 min. The wafer 
was then exposed to UV light ( = 365 nm) through a transparency mask, then baked at 
65 oC for 1 min and then at 95 oC for 5 min and finally developed by SU-8 developer to 
remove the unexposed parts of SU-8.  
 
Sylgard 184 silicone elastomer kit (Dow Corning, US) is a widely used PDMS kit. The 
kit contains two parts: a liquid silicon rubber base and a catalyst or curing agent. The base 
and curing agent are typically mixed in a ratio of 10:1. Once mixed, the liquid mixture 
becomes a solid and cross-linked elastomer in a few hours. Heat will accelerate the 
crosslinking reaction. If the ratio of curing agent to base is increased, a harder and more 
cross-linked elastomer can be formed. The fabrication process includes following steps: 
weigh, mix, degas, dispense, spread, curing and peel off. Weigh one part curing agent and 
ten parts base and mix them thoroughly. After mixing, the silicone mixture will be full of 
air bubbles and needs degassing. The bubbles can be removed in a desicator using 




Tilt the master in different directions to cover the whole master by silicone. Place the 
master in a pre-heated oven (65 oC) for one hour. After curing, the silicone will become 
solid. The final step is to peel off the PDMS from the master. Inlet and outlet holes were 
punched to access the microchannels. The PDMS microchannel was reversibly sealed 
with another piece of PDMS by an adapter. Fig 3-4 (b) showed a 75 m high 
microchannel. 
Fig 3-4: (a) Front section and (b) cross section (main channel) of the PDMS 
microchannel 
 
3.2.2 Magnetic Field Measurements 
Magnetic field of the magnet was measured by a gaussmeter and transverse probe (Model 
5170 Gaussmeter and Model STB1X-0201 ultra thin transverse probe 0.020”, Sypris F W 
Bell, USA). The probe was fixed and the magnet was precisely moved by micro-stage 
(Model 462 XY translation stage, Newport Corp., USA) with a resolution of 10 m. To 
evaluate the influence of PDMS, magnetic field measurements were repeated with a piece 







deionised (DI) water and PDMS were located between the probe and magnet. There was 
no change in the measured magnetic field for these two cases. 
 
3.2.3 Bead Separation Experiments 
Polyetheretherketone (PEEK) tubing was used to connect the microchannel inlets to a 
syringe pump (KDS Scientific, USA). NdFeB35 permanent magnet (34×4.8×1 mm3 and 
Br =12000 G, NEOFLUX® Goudsmit Magnetics, Netherlands) was placed at a distance 
of 2 mm from the microchannel (Fig 3-5). Magnetic beads containing fluorescein 
(Chemicell GmbH, Germany, Table 3-1) were suspended in DI water and injected into the 
upper inlet, while DI water was perfused into the lower inlet simultaneously. For different 
flow rates, the eluent were collected at the two outlets, for time ranging from 3 to 20 min. 
The volume of the eluent was measured. The calculated volume (product of flow rate and 
collection time) and the measured volume were found to be within 5% and consistent 
with previous studies[105]. Moreover, during the particle separation experiments, the 
volume collected was regularly verified to confirm the equal flow rates in the channels.   
 
Fig 3-5: (a) A three dimensional depiction of the main and inlet/outlet microchannels, as 


















1000 nm 9×1010 /mL 0509/07 ~120 nm Maghemite Silica 
500 nm 7.5×1011 /mL 0507/08 ~80 nm Maghemite Silica 
100 nm 4.5×1013 /mL 2703/08 ~30 nm Maghemite Polymer 
 
The bead densities of collected eluent were estimated from a previously determined 
calibration curve. The calibration graphs were generated from original stock of beads 
diluted to different number density. A micro-plate reader (Fluostar Optima, BMG Labtech, 
USA) was used to measure the fluorescence intensity of the beads. Linear calibration 
curves of fluorescence intensity versus number density of beads were obtained for 1000 
nm (R2=0.9999), 500 nm (R2=0.9994) and 100 nm beads (R2=0.9975) (Appendix I). The 
bead diameters were measured by dynamic light scattering (Malvern Zetasizer Nano, UK) 
and found to be 1080±165 nm (averaged value ± standard deviation, for 1000 nm, Fig 
3-6(a)), 581±135 nm (for 500 nm, Fig 3-6(b)) and 119±26.1 nm (for 100 nm, Fig 3-6(c)). 
Transmission electron microscopy (TEM) images of the beads are shown in Fig 3-7. Fig 
3-7 shows that the magnetic bead is comprised of several single superparamagnetic 
crystals (~10 nm). However, the core and shell of the beads cannot be distinguished 
clearly. This is because the surface of particles is hydrophilic. It will be dehydrated during 







Fig 3-6: Size distribution of (a) 1000 nm, (b) 500 nm and (c) 100 nm beads measured by 















3.3 Results and Discussion 
We have considered the steady operation of a microfluidic magnetic particle separator 
with identical aqueous fluids perfused into its two inlet channels. This simple device 
employs a permanent magnet to attract nanoparticles from the feed channel into the 
separation channel continuously. The main design parameters of such a device are: 1) 
magnet size, strength and field gradient, 2) nanoparticle size and magnetic properties, 3) 
fluid properties, and 4) microchannel dimensions. The operating parameters, that may be 
interchanged, are magnet placement (distance from microchannel) and fluid flowrate or 
average velocity. All experiments reported here, were conducted at room temperature and 
pressure with DI water and dilute particle number densities.  
 
3.3.1 Magnetic Field and Field Gradient 
The strength, size and placement of the magnet strongly influences the degree of 
separation achieved. The magnet should be long enough to exert a uniform field over the 
separation length of the microchannel. Typically, the magnet is longer to avoid bending of 
the lines of force near the edges. In Fig 3-8(a), we report the probe measured magnetic 
flux density as a function of distance from the magnet and through a 2 mm thick PDMS 
piece. It is observed that the field increases with increasing distance from the center of 
the magnet (i.e. dm) while decreasing monotonically with increasing distance from the 
PDMS surface. Over a 230 m distance from the surface of the PDMS, the flux density 
decreases by roughly 20%.  The magnetic field gradient shown in Fig 3-8(b) is calculated 













































Fig 3-8: Measurement of magnetic field and field gradient with a 2 mm thick PDMS 
piece placed between the probe and magnet. (a) Magnetic flux density (B) as a function 
of distance (dz) from the magnet; (b) Gradient of the magnetic field as a function of 
distance from the magnet (dz). The normalized distance from the center of the magnet is 








The probe size leads to an averaging of the magnetic field over 500 m while the position 
of the probe was changed in steps of 10 m. We have done some calculations to assess 
the errors arising from this averaging process. First, a ‘true’ field was assumed to be 
continuous and monotonic with the same structure as the measured field. This field 
structure is expected to be true for the type of permanent magnets used in our study.  
Subsequently, the ‘averaged’ field, over 500 m, was calculated along with the 
corresponding ‘true’ and ‘averaged’ field gradients (Appendix II). As further confirmation, 
the ‘averaged’ field was compared with the probe measured field and found to be within 
1%.  All calculations involving the magnetic field and field gradient used the ‘true’ values 
given in Table 3-2. The single ‘true’ value of the field and field gradient in Table 3-2 was 
obtained by averaging over the 230 m width of the microchannel. 
Table 3-2: Parameter values employed in the computational model 
B 
0.0374 T (probe measured) 
0.0432 T (‘true’) 
B  
23.3 T/m (probe measured) 
35.1 T/m (‘true’) 
L 2 cm 
H 230 m 
u0 4×10-7 H/m 




1000 nm 7.784  
500 nm 7.037 
100 nm 5.011 
 
D 
1000 nm 4.3855×10-13 m2/s 
500 nm 8.7710×10-13 m2/s 




3.3.2 Theoretical Simulation Results with and without Magnet 
In the absence of an applied magnetic field, the nanoparticles are free to diffuse into the 
separation channel as depicted by Fig 3-9. At low Péclet numbers, increasing residence 
time in the microchannel (i.e. increasing L/H ratio) allows particles more time to diffuse 
and thus more are found in the separation channel (see Fig 3-9). As Péclet number 
increases to large values denoting a fully convection dominated regime, the particle 
fraction in the separation channel attains asymptotic values that increase with increasing 
residence time in the microchannel (L/H ratio in Fig 3-9). 
Pe (x105)



















Fig 3-9: The fraction of nanoparticles exiting the separation channel as a function of 
Péclet number for different L/H in the absence of a magnetic field.  The results are based 













































Fig 3-10: The fraction of nanoparticles exiting the separation channel as a function of 
Péclet number for different L/H (a) and a/b (b) in the presence of a magnetic field.  The 









An applied magnetic field will result in increased migration of the superparamagnetic 
beads into the separation channel as depicted in Fig 3-10(a) and (b). The ratio a/b is 
proportional to Péclet number, Pe. If the Pe is fixed, then a/b changes with magnetic flux 
density B and the gradient of B as per Eqn. (3-9a). In Fig 3-10(a), we have fixed a/b while 
changing L/H. This allows us to evaluate the effect of increased residence time (increased 
L/H) at a fixed Pe, i.e. more nanoparticles will exit in the separation channel as L/H 
increases. By fixing L/H and increasing a/b in Fig 3-10(b), we observe the effect of 
increasing B and/or gradient of B at a fixed Pe. As expected, the nanoparticles in the 
separation channel increase as a/b increases for a fixed Pe (Fig 3-10(b)). 
 
3.3.3 Experimental Separation Ratio with Different Particle Size  
Experimental data for three nanoparticle diameters, 1000 nm, 500 nm and 100 nm, are 
presented in Fig 3-11(a)-(c). In the absence of a magnetic field, the 1000 nm and 100 nm 
particles are found to closely match the theoretical results. However, for the 500 nm 
particles a difference between theory and experiment is seen (Fig 3-11(b)). The data for 
the 500 nm particle may be explained by particle fragmentation. Particle fragmentation 
means that the silica shells may break off from the particles and particles are broken into 
smaller pieces. However, this is not confirmed by particle sizing experiments. 
Hydrodynamic interactions facilitating particle capture is another possibility but the lack 
of similar behavior for 100 nm and 1000 nm particles does not reaffirm such a conclusion. 
 
In the presence of a magnetic field, the experimental data for all three particle sizes show 




(as per Eqn. (3-9a)) to explain the data. To account for this difference, we have 
introduced a correction factor  to modify Eqn. (3-9a) (aqm) as  















mm      (3-18) 
The terms in square brackets in Eqn. (3-18) are either measured values or a well known 
constant. Thus the uncertainty in estimating Fm arises from the terms in the curly brackets, 
namely the core volume of the beads and the susceptibility. Owing to difficulties in 
measuring the susceptibility and the lack of any manufacturer supplied data, we have 
estimated the values (see Table 3-2) from the study of Goya et al.[106]. Other studies 
have presented susceptibility values that differ by 2 orders of magnitude for magnetite 
nanoparticles [61, 95]. However, our estimates are high enough that further increase of 
susceptibility will not change the magnetic force substantially. 
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Fig 3-11: Comparison of experimental and theoretical results for 1000 nm (a), 500 nm (b) 
and 100 nm particles (c). Squares (expt) and dash lines (theory) denote results without 
applied magnetic field. Circles (expt) and solid line (theory, (a)  = 4.94, (b) = 4.42, 
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Fig 3-12: Linear curve of A versus for (a) 1000 nm, (b) 500 nm and (c) 100 nm beads.  
 
In order to gain further insight into , a statistical fit of the experimental data was carried 
out to determine a relationship between nanobead core diameter dbc and . For different  
values, the theoretical fraction ratio in the feed channel (FRfeed) was calculated at different 
flow velocities ux (in the experimental range). The theoretical data can be fitted by an 
equation “FRfeed =y0+A/ux” with constant y0. Then, we can get a linear curve of A versus 
for 1000 nm, 500 nm and 100 nm beads (Fig 3-12). The experimental data can also be 
fitted by the curve “FRfeed =y0+B/ux”. Then the correction factor  was obtained by 
reading B from the linear curve of A versus .  
 
The result illustrated in Fig 3-13, shows a linear dependence of  on dbc. Thus one may 





alternately the magnetic force scales as the square of the core volume. Our tentative 
explanation for the squared dependence on core volume follows from the magnetic force 
that scales linearly with core volume and magnetization of the nanobeads. We postulate 
that magnetization scales linearly with core volume to lowest order because the activation 
energy for a transition of magnetization is known to scale with core volume [107]. 
dbc (nm)









Linear Fit Curve R2=0.9959
 
Fig 3-13: Variation of the correction factor  as a function of nanoparticle core diameter 
(dbc).   is estimated from best fit values to the data in Fig 3-11(a)-(c). 
 
3.4 Conclusion 
A mathematical model describing convection and diffusion of magnetic nanoparticles in 
two-phase flow was developed under the influence of an external magnetic field. The 
numerical results showed that the separation ratio of magnetic particles could be 
improved by increasing magnetic field, gradient of magnetic field, particle core size and 




efficiency can be attributed to higher magnetic force on particles and longer residence 
time, which are the two most important parameters for particle separation. These findings 
suggest that the model may provide some valuable insight into the parameters that will 
impact the performance of a microfabricated magnetic particle sorter. 
 
Separation of superparamagnetic nanoparticles in microfluidic two-phase flow was 
studied with and without the influence of an external magnetic field. Our main finding 
shows that in the presence of a magnetic field, particle migration into the separation 
channel is much greater than that predicted by theory. Our explanation of this observation 
indicates that the magnetic force scales as the square of the nanoparticle core volume. In 
the absence of a magnetic field, theory and experiment are in good agreement, except for 
the 500 nm beads. This unusual data eludes a simple explanation and will be subject to 
further experimental investigation. Nevertheless, this quantitative study provides 
substantial new insight into the relative hydrodynamic and magnetic interaction forces. 
The design and continuous operation of this simple permanent magnet based magnetic 
particle separator is expected to be aided by the findings of this study. The robustness of 
two phase microfluidic flow combined with the ease of applying a magnetic field is 




Chapter 4                                                                                               
Model of Magneto-Affinity Cell Capture and Transport 
in Microchannels 
In designing a microfabricated cell sorter, it is important to consider unique microscale 
physics that enable new types of separation schemes, not present in macroscale systems. 
We consider a microchannel separator that has two fluid inlets giving rise to two phase 
flow of two perfectly miscible aqueous fluids. As a consequence of this interesting 
microscale flow phenomena, large non-Brownian cell-nanobead complexes are confined 
to any one phase in the channel. The functionalized superparamagnetic nanoparticles can 
be coated with any antibodies or ligands which can then bind to specific cells. 
Application of an external magnetic field force causes the complexes to migrate into the 
other phase, leading to continuous separation.   
 
A model is proposed to understand magnetic cell separation in the microchannel. Our 
model has two new features, 1) it incorporates cell-wall hydrodynamic interactions to 
provide a more accurate representation of velocity fields, and 2) an additional equation 
describes cell transport along the channel wall. The next section describes the essential 
features of our model, followed by selected results and a discussion elucidating the 





Fig 4-1: Schematic representation of cell-nanobead transport in two-phase flow under the 
effect of external magnetic field 
 
4.1 Theory 
4.1.1 Model Formulation 
A schematic depiction of the transport of cell-nanobead complexes in two-phase flow in a 
microchannel is presented in Fig 4-1. As shown in Fig 4-1, the main microchannel has 
two inlets, a feed channel and a separation channel. The incoming cell-nanobead 
complexes are entrained in the feed channel fluid phase, while the fluid phase in the 
separation channel is cell free. A transverse magnetic field is applied as shown (Fig 4-1), 
and the cells with attached nanobeads move towards the separation channel under the 
action of the magnetic field force. Cells experiencing a strong magnetic force will reach 
the other wall and get transported along the wall. A mass balance equation involving the 
number density (# of cells per unit volume) of cells C(t, x, z) in the microchannel may be 
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respectively), D is diffusion coefficient of cell, R is number density change by any other 
phenomena. Due to large size, diffusion coefficient of cell is very small. Thus, cell 
transport is convection dominated with a large translational Péclet number. This allows us 
to simplify the governing equation by leaving out the diffusion terms. It is assumed that 
over the timescale of the magnetic separation, there is no significant change in the cell-
nanobead complexes due to binding/unbinding of the nanobeads to the cell surface 
receptors. Eqn. (4-1) is simplified to: 
( ) ( ) 0x zu z C u z CC
t x z
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     (4-4) 
Where, W(t,x) is the cell number density on the wall surface (# of cells per unit area), uw 
is the rolling velocity on the wall, H is the width of the microchannel and Rc is the radius 
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4.1.2 Normalization of Variables 




( )( ) 0zx
u z CC Cu z
t x z
           (4-6) 
All variables are normalized as: ' ' ' ' '
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  and ' ww
avg
uu  , where avg  is the average velocity of the 
parabolic flow, czu _  is the uz velocity without wall effect and L is the length of 
microchannel. The Eqn. (4-6) and (4-4) are changed to: 
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_ . Eqn. (4-7) and (4-8) are subject to the following initial and boundary 
conditions: 
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4.1.3 Magnetic Field Force 
In this separation method, superparamagnetic nanoparticles with surface attached ligands 




superparamagnetic particles remains unsaturated. A very strong magnetic field is needed 
to saturate the magnetization of the particles. We have employed the following magnetic 
force equations for unsaturated and saturated nanobeads respectively [95, 96]: 









    
 (4-10a) 
Saturated:    BmF sm       (4-10b) 
Where, B is the external magnetic field (magnetic flux density), B  is the gradient of 
magnetic field, Vm is the volume of the superparamagnetic core of nanobeads, m  and aq
are the volume magnetic susceptibility of the beads and medium respectively, 0 is 
magnetic permeability of air or vacuum and sm  is the saturated magnetic moment. A 
correction to Eqn. (4-10a) has been proposed in Chapter 3 and may be incorporated into 
the model to describe core-shell type superparamagnetic beads. In our experiment, cell 
density was kept in the range of 1×105~1×106/mL. The center to center distance of two 
cells is around 1×10-4 ~2.15×10-4 m, which is much bigger than 1.84×10-6 m. Hence, 
the magnetic force induced by inter-particle interaction could be ignored as discussed in 
Chapter 3. The magnetic force on the cell which is bound to Nm beads is simply given by: 
mmc FNF         (4-11) 
 
4.1.4 Estimation of Velocities (ux , uz) 
The velocity of the cell-nanobead complex has two components, ux in the direction of 
fluid flow and uz parallel to the magnetic field. These velocities may be computed by 




in each direction to zero. Here, we consider the hydrodynamic interaction of the cells 
with the two bounding walls of the microchannel. In the limit 0/ HRc , the velocities 
may be computed without consideration of wall effects.  The cell is convected along with 
the flow and ux may be assumed to be identical with the fluid flow profile. When the cell 
size is comparable to the width of microchannel ( 01.0/ HRc ), the cell velocity is 
strongly influenced by hydrodynamic wall interactions. The velocities (ux, uz) of cells will 
differ from the fluid velocity due to increased hydrodynamic drag arising from the 
presence of the walls. In addition, the drag force is no longer constant, but will increase 
as the cells approach the wall. Hence, both ux and uz are functions of z and will be 
maximum at the center of the channel and minimum at the walls.  
 
The drag force perpendicular to the wall is expressed with a correction coefficient  
(<0)[108]: 
6 ( )drag c zF R u z        (4-12) 
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Ganatos and coworkers [108] have tabulated the values of (range '1.1 1 1.1c cR Rz
H H
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  and 1C is obtained from data presented in [108] at ' 1.1 cRz H . 

For the parallel motion of a sphere between two plane parallel channel walls, the ux 
velocity is composed of two parts: 1) translation parallel to the walls and 2) rotation[110]. 
For a sphere translating with velocity ( )xu z  in the x direction, the drag force and torque 
are given by: 
26 ( ) , 8 ( )t tt c x x t c x yF R u z F T R u z T       (4-16) 
For a sphere translating with angular velocity  about the y axis, the drag force and 
torque are given by: 
2 36 , 8r rr c x r c yF R F T R T          (4-17) 
The force and torque due to Poiseuille flow are given by: 
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are the non-dimensional torque of tT , rT  and pT , and c is the centre-line flow velocity. 
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If the torque is not considered, then the cell velocity in x direction is: 
( ) /( )p tx c x xu z F F        (4-20) 
After comparison of ux velocity for the cases with and without torque, the rotational 
motion (yielding torques) could be neglected because of the small contribution to the ux 
velocity as verified by our calculations (see Fig 4-4(c)) and discussed by others [98]. 
Since 1.5c avg  , then  
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x      (4-22) 
Where 2C  is obtained from data given before [110] and 
p
xF  is from linear extrapolation of 
that data [110]. 
 
4.1.5 Estimation of Rolling Velocity uw  
The fluid velocity profile ux_f is assumed to be parabolic. This is strictly true if the two 
phase viscosities are closely matched and the aspect ratio (height/width) of the channel is 
large (>10). The parabolic flow profile is expressed by 
2
_ 2( ) 6 ( )x f avg
z zu z
H H




we just consider the fluidic shear forces only. This means that uw is the fluid shear 
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And  




     
 (4-24) 
 
4.1.6 Separation Ratio 
Fluxes (#cells/time/area) at steady state are computed as the integral of the velocity and 
number density over the respective z coordinates of each phase. The average cell fluxes in 
the channel and on the wall are given by:  
( ) ( , , )xu z C t x z dzF
dz
         (4-25) 
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    , the cell flux ratio in the 















    , where total in feed in sep inF F F        . Moreover, 





4.1.7 Analytical Solution for Constant ux and uz Case 
Laplace transform method is used to solve above two partial differential Eqn. (4-7) and 
(4-8) for the constant ux and uz case. The analytical solutions for normalized number 
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4.1.8 Numerical Simulation 
The corner transport upwind method [111], a finite volume method, was used to solve 
Eqn. (4-7). The spatial domain was divided into grid cells and the estimated values are 
modified in each time step by the flux through the edges of the grid cells. This method is 
conservative, because the flux entering a given volume is identical to that leaving the 
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The above method is stable under the following conditions: 
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  are set to be 0.999 in the simulation. 
 
Eqn. (4-8) was solved with the finite difference method [104]. In one dimension, finite 
difference and finite volume method look very similar. The only difference is that the 
estimated values are got by pointwise approximations at grid points, rather than at grid 
cells. Forward difference was used in time domain and fourth order derivatives were used 
in x domain. The normalized cell number density ' 1niW
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Where, '( )if  is the fourth order derivative in x' domain: 
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The stable condition is given by:  
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Fig 4-2: Flow chart of Matlab program 
 
All the computations were programmed by Matlab (The MathWorks, Inc., USA) and 
carried out on an Intel(R) Core(TM)2 Duo PC running at 2.33 GHz with 3.25 GB of 
Y 
START Set values to all parameters 
Establish a three dimensional matrix 
Set initial and boundary conditions 
t'=t'min, x'=x'min+ △x', z'=z'min+△z' 
t'= t'max? x'= x'max?
z'= z'max? 
Implement Eqn. (4-29) 
z'= z' + △z' 
x'= x' + △x' 
N 
z'=z'min+△z' 












RAM. Numerical solutions were verified with analytical solution for the constant velocity 
(ux and uz) problem. The flow chart of Matlab program is listed in Fig 4-2 (not including 
the implementation of Eqn. (4-32)) and the detailed program is in Appendix VIII-(2). 
 
4.2 Simulation Results and Discussion 
The mathematical model presented here describes the migration of cell-nanobead 
complexes in microchannel two phase flows, under the influence of an external magnetic 
field. Our simulations were carried out for the special case of two identical 
incompressible Newtonian fluids with the same flow rate. This implies that the velocity 
profile in the microchannel is fully developed Poiseuille flow (neglecting end effects) and 
allows us to use the detailed hydrodynamic calculations of Ganatos et al. [108, 110]. 
Moreover, the model does not consider the initial binding of nanobeads to cells (binding 
model is discussed in Chapter 5). Thus the cell-nanobead complexes are assumed to be 
already formed at the inlet and no significant change in number of bound nanobeads 
occurs in the microchannel.  
 
4.2.1 Numerical Method Verification 
To assess the accuracy of our numerical scheme, we present a comparison of the 
numerical and analytical results (see Fig 4-3) for the no-wall effect case (H/2Rc=20) with 
constant velocities ux(=avg) and uz. The main non-dimensional parameter arising from 
Eqn. (4-7) and (4-8) is a. The parameter a increases when magnetic force (Fc) increases, 
hydrodynamic drag (Fdrag) decreases, channel length (L) increases, fluid flow velocity 




Fig 4-3(a)-(b) shows the steady state distribution of cell number density at the outlet of 
the channel for a = 0.2 and 0.8. The graphs also show that, more cells will be attracted to 
the separation channel when the value of a increases. Fig 4-3(c) shows that the time of 
cell number density approach to steady state in the channel (not including wall) is fixed 
(t'=1). From Fig 4-3(a)-(c), we can see that the numerical solutions fit the analytical 
solutions and their difference is quite small. Fig 4-3(d) shows the approach to steady state 
of the cell number density on the wall for a = 0.5, 0.8, 1 and 1.5. With increase of a, more 
cells accumulate on the wall and when a is around 1 (a little smaller than 1), all the cells 
are attracted to the wall. Fig 4-3(d) also shows that the time of cell number density 
approach to the steady time on the wall increases when a increases. Higher a means the 
time of cells reaching to the wall is less. Due to uw<avg, the cells will spend more time 
rolling on the wall. We used fourth order accuracy difference method to solve the 
equation on the wall and this causes the fluctuation of the numerical solution. This is 
commonly observed in moving front type numerical solutions.  
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Fig 4-3: The comparison of the numerical and analytical results for the constant ux and uz 
case and H/2Rc=20; black solid line: analytical results; red dashed line: numerical results; 
(a)-(b): the distribution of cell number density C'(x'=1) as a function of z' at steady state 
for a=0.2 and 0.8; (c) cell number density C'(x'=1,z'=1) as a function of time (t'); (d) cell 
number density on the wall W'(x'=1) as a function of time (t') for a = 0.5, 0.8, 1 and 1.5. 
 
4.2.2 Wall Effects on ux and uz 
Fig 4-4 illustrates the effect of cell-wall interactions on the x and z-directed velocities. 
The velocities are normalized with the constant no-wall effect velocities and are observed 
to be significantly reduced as the cell approaches the wall. Fig 4-4(a) illustrates the 
change of cell velocity ux' as the cell size increases with respect to the wall spacing or 
H/2Rc decreases. As stated above (theory section), the velocity is estimated from 
translational motion (yielding forces) of the cells.  
 









directed velocity (uz') of the cells as shown in Fig 4-4(b). It is observed that for H/2Rc=10, 
the velocity is reduced by a minimum of 20% from that when wall effects are ignored. 
This reduction in velocity has a strong effect on the cells that are transported along the 
wall as discussed below. It is worthwhile to note that lubrication theory reveals a 
singularity upon wall contact, implying that cells will not accumulate on the wall. This is 
physically unrealistic since wall accumulation is well documented experimentally [69]. 
We have corrected for this by truncating the lubrication theory drag force at a specified 
distance  = H/10000 from the wall. A sufficiently small  is chosen to minimize the 
variation of cell flux on the wall. Also, the cell-wall interactions are estimated by 
assuming the cell-nanobead complexes to behave as rigid spheres. Although the 
nanobeads are rigid, this is an approximation that may overestimate the hydrodynamic 
drag forces. 
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Fig 4-4: The effect of cell-wall hydrodynamic interactions on (a) ux' and (b) uz' ; black 
line: H/2Rc=∞; red line: H/2Rc=10; green line: H/2Rc=5; blue line: H/2Rc=3; pink line: 







4.2.3 Numerical Results with Wall Effect 
Fig 4-5(a) and Fig 4-6(b) shows the steady state cell number density distribution at the 
outlet of the channel for H/2Rc=10. With increase of a, more cells can be transported to 
the separation channel and approach the wall. Since the uz velocity near the wall is very 
small, cells will accumulate near the wall before contacting the wall for a=~0.7 (Fig 
4-6(b)). That means the value of uz velocity near the wall will affect the speed of cells 
approaching the wall. Fig 4-5(b) shows the distribution of cell number density at the 
outlet of channel at different time t' for a=0.6. Cells flow out from the channel outlet at 
t' >2/3 and approach the steady state at t' ≥1.5. 
 
Fig 4-6(a) shows the change of flux ratio (FR) in the feed and separation channels and the 
wall as a function of parameter a, for H/2Rc=10 and 5. The greatest changes in FR are 
observed to occur over a narrow range of parameter a, i.e. between roughly 0.2 and 2. 
The interesting consequence of this is seen in the uz velocity required to achieve a 
separation, since L/H >> 1 is typical for microchannels, it follows that uz_c/avg << 1 or 
that a very small z-directed velocity will suffice. Two additional observations are worth 
noting from Fig 4-6(a). Firstly, the wall flux does not become appreciable until the feed 
channel flux reduces nearly to zero. There exist distinct values of a (~0.71 for H/2Rc=10, 
~0.92 for H/2Rc=5) for which the flux is confined entirely to the separation channel, i.e 
FRsep ≈ 1 and FRfeed, FRwall ≈ 0. This observation is also verified by the cell number 
density distribution in the channel outlet in Fig 4-6(b) and (c). All the cells are confined 
to the separation channel and the cell number density on the wall is nearly zero. Secondly, 




increases. This is because of an increase in hydrodynamic drag due to wall effect on 
larger cells. 
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Fig 4-5: (a) The distribution of cell number density at the outlet of channel C'(x'=1) at 
steady state for different a, H/2Rc=10; (b) Distribution of cell number density at the outlet 
of channel C'(x'=1) at different time t' (a=0.6). 
(b) 
(a) 

















































Fig 4-6: (a) FRfeed (black), FRsep (red) and FRwall (green) as a function of parameter a, with 
wall effects for H/2Rc = 10 (solid line) and H/2Rc = 5 (dashed line); The distribution of 
cell number density at the outlet of channel C'(x'=1) at steady state for (b) a = 0.71, H/2Rc 












Fig 4-7 illustrates the hydrodynamic wall effect for H/2Rc=10. The neglect of 
hydrodynamic interactions with the wall results in substantial overestimation of the cell 
flux in the separation channel and the wall. This follows from the higher uz velocity that 
arises when wall effects are ignored. 
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Fig 4-7: FRfeed (black), FRsep (red) and FRwall (green) as a function of parameter a. The 
solid line denotes wall effect and the dashed line represents the case of no-wall effect. 
H/2Rc =10.  
 
 
To avoid the lubrication singularity, we have truncated the drag force at a distance from 
the wall. The exact value of  impacts the results because uz in Eqn. (4-2) changes 
considerably near the singularity in hydrodynamic drag force. Fig 4-8 shows that bigger 
value gives rise to a higher steady state wall flux ratio FRwall. This is because the uz 
velocity near the wall is much lower with smaller owing to the higher hydrodynamic 
drag force and this reduces the cell flux reaching the wall. From Fig 4-8, we can also find 






















Fig 4-8: FRfeed (black), FRsep (red) and FRwall (green) as a function of parameter a, for  
H/1000 (solid line),  H/10000 (dash), and  H/100000 (dash-dot-dot). H/2Rc=10. 
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Fig 4-9 shows FRwall as function of time for different cell rolling velocity uw'. The 
decrease of uw' value will only increase the time of FRwall approaching the steady state. 
After the attainment of steady state, the value of FRwall does not change and is same for 
different uw'. Additionally, uw' has no effect on FRfeed and FRsep, since uw' has the 
influence only on W'(t', x') as shown in Eqn. (4-8). More simulation results are discussed 
in Appendix IX-WACBE2007. 
 
4.3 Conclusion 
This model provides some insights into the parameters that impact the performance of a 
microfabricated magneto-affinity cell sorter. When the separation is carried out in 
microfluidic channels with magnetic beads, the walls of the channel exert hydrodynamic 
and other interaction forces that need to be understood and incorporated into design 
calculations. We have illustrated the effects of hydrodynamic interactions with two 
bounding plane parallel walls of the microchannel. It is interesting to note that conditions 
may be tuned to minimize contact with wall surfaces and thereby reduce the possibility of 
cell damage. This may be achievable even though any real separation will involve a range 
of values of the parameter a.   
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Chapter 5                                                                                       
Continuous Microfluidic Magneto-Affinity 
Cell Separation 
5.1 Binding of Folic Acid to Folate Receptors on HT-29 Cell 
HT-29 cells (the human colonic adenocarcinoma cells with diameter around 10-20 m) 
are going to be used in the experiment. Folate receptors -isoform, which are 
overexpressed by HT-29 cells [112], can bind folic acid with high affinity (dissociation 
constant Kd =~0.1 nM) [113]. Folate receptor is also known as the membrane folate 
binding protein (MFBP) and is anchored to the membrane by a glycosylphosphatiddyl 
inositol (GPI) [114]. Folate receptors are clustered in non-coated membrane regions 
called caveolae and therefore receptor internalization can be induced when the receptor 
binds with folic acid. The structure of folic acid is shown in Fig 5-1. Folic acid can be 
covalently linked to a foreign molecule or a surface modified nanoparticle via its -
carboxyl group.  
 
If the size of particles is less than 100 nm, the folic acid conjugated particles will be 
internalized by HT-29 cells [115]. When the conjugates bind with folate receptor, the 




folate receptors will occur due to the transient acidification of sealed caveolae through 
generation of a proton H+ flux. The folic acid conjugates will be released and retained in 
the cell, whereas the folate receptors will be recycled back to the cell surface [116]. The 
detailed endocytosis process is shown in Fig 5-2. If the particle size is larger than 100 nm, 
the folic acid modified particles which is bound to the folate receptor will stay on the cell 


























Fig 5-2: The schematic diagram of the folate receptor mediated endocytosis pathway 
(figure not drawn to scale) 
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5.2 HT-29 Cell-Nanobead Ligand Binding Model 
5.2.1 Specific Binding  
A cell-nanobead ligand binding model is going to be described for fixed volume binding. 
This means the cell and nanobeads are premixed at constant volume. Folic acid 
conjugated nanobeads N can bind reversibly to cell surface binding sites B (one binding 
site may contain more than one folate receptor) on the HT-29 cells to form a 
receptor/ligand complex NB.  
 
where kf (#/time/volume) and kr (#/time) are the association and dissociation kinetic rate 
constant for specific binding respectively. The initial number density (#/volume) of cells 
and nanobeads is C0 and N0 respectively. The maximum number of binding sites is 
assumed to be averaged on each cell with constant value Bmax (#/cell), so that total surface 
receptor number density is C0Bmax. The receptor/ligand complex density or number of 
nanobeads is also assumed to be averaged on each cell, Nx (#/cell). Using principles of 
mass action kinetics [1], an equation is derived to describe the time rate of change of total 
complex density NB (#/volume) as a function of free binding sites B (#/volume) and free 





    
 (5-1) 















     
 (5-2) 
Combining above three equations, a differential equation is obtained to describe the 
binding system: 





At equilibrium, set 0][ 
dt
NBd . Then we can get an equation to calculate the number of 
nanoparticles already bound to the cells: 
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kk   (#/volume) is called equilibrium dissociation constant for specific 
binding and can be obtained from experiments. From above equation we can see that, 
number of nanoparticles bound to each cell Nx is related to the free nanoparticles [N] in 
the solution and will approach to Bmax with the increase of [N]. 
 
5.2.2 Nonspecific Binding 
When folic acid conjugated nanobeads bind to the nonspecific or undesired cells or 
desired cells but not to folate receptors, it is called nonspecific binding. Nonspecific 
binding process should be included in cell-nanobead binding model. The nonspecific 
binding is not related to cell binding sites and the time rate of change in the number 
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where kfn (#/time) and krn (#/time) are the association and dissociation rate constant for 
nonspecific binding respectively. At the equilibrium, [ ] [ ] 0fn rn nk N k NB  . Hence, 









kk  , which is called equilibrium dissociation constant for nonspecific 
binding and can be obtained from experiments. Hence, the average number density of 
non-specifically-bound nanobeads Nx_n(#/cell) is: 
_
0 0




       (5-7) 
So total binding should include the specific and nonspecific binding:  
max
0
[ ] 1 [ ]
[ ]x d dn
B NN N
k N C k
      
 (5-8) 
 
5.3 Experimental Materials and Methods 
5.3.1 Materials 
SU-8 50 negative photoresist was bought from Microchem Corp (USA). 
Poly(dimethylsiloxane) (PDMS) was purchased from Dow Corning (Sylgard 184, USA). 
Folic acid, N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), N-
hydroxysuccinimide (NHS), triethylamine, dimethyl sulfoxide (DMSO) and Dulbecco’s 
modified eagle medium (DMEM) were purchased from Sigma-Aldrich (USA). Hyclone 
fetal bovine serum (FBS) and penicillin- streptomycin were purchased from Thermo 




buffered saline (PBS) was purchased from 1st BASE (Singapore). Human colon 
carcinoma cells (HT-29) were purchased from American Type Culture Collection (ATCC, 
USA). Horse whole blood was purchased from Innovative Research Inc. (USA). 
Magnetic particles were purchased from Chemicell GmbH (Germany). Goat polyclonal 
anti carcinoembryonic antigen (CEA) was purchased from Arista Biologicals Inc. (USA). 
NHS-Fluorescein was purchased from Thermo Fisher Scientific Inc., Pierce (USA).  
 
5.3.2 Microchannel Fabrication 
The main microchannel and inlet/outlet arms were fabricated by photolithography and 
micromolding technique as discussed in Chapter 3 and had dimensions of 20(L) 
×0.208(H) ×0.076(height) mm3 and 10 ×0.108 ×0.076 mm3 respectively. The dimension 
of SU-8 mold was measured by optical surface profiler (ZYGO NewView 5032). 
Profiling showed a 76 m high SU-8 mold (Fig 5-3(a)). The width of PDMS 
microchannel was measured by microscope (Fig 5-3(b)). Inlet and outlet holes were 
punched to access the microchannels. The PDMS microchannel was reversibly sealed to 
another piece of PDMS with an adapter.  













































Fig 5-4: Measurement of magnetic field and field gradient with a 1 mm thick PDMS 
piece placed between the probe and magnet. (a) Magnetic flux density (B) as a function 
of distance (dz) from the magnet; (b) Gradient of the magnetic field as a function of 
distance from the magnet (dz). The normalized distance from the center of the magnet is 







5.3.3 Magnetic Field Measurements 
Magnetic field of the magnet was measured by a gaussmeter as the method discussed in 
Chapter 3. Magnetic field measurements were repeated with a piece of PDMS (1 mm 
thick) placed between the probe and the magnet. The probe measured field and field 
gradient were 0.0811 T and 67.4 T/m, which were obtained by averaging over the 220 m 
width of the microchannel (Fig 5-4). Due to the probe size of 500 m, single ‘true’ value 
of the field and field gradient were corrected to be 0.0988 T and 123.2 T/m as per the 
method discussed in Chapter 3. 
 
5.3.4 Folic Acid Conjugation to Magnetic Beads 
1 m and 200 nm magnetic beads with amine groups on the surface (Table 5-1) were 
used in our experiments. A fraction of the stock solution (100 L) of particles in DI water 
was added to a mixture of folic acid (1 mL, 20 mM) in DMSO, EDC (5 mL, 100 mM) in 
DI water and NHS (5 mL, 15 mM) in DI water. Triethylamine was used as the 
solubilizing agent for folic acid. The mixture was incubated on a shaker overnight and 
washed four times by centrifuging in PBS. The reaction scheme is shown in Fig 5-5. 
 
UV spectrophotometer was used to detect the content of folic acid conjugated on the bead 
surface. The analysis was performed in PBS and the amount of folic acid on the beads 
was estimated by measuring the absorbance of product at 288 nm (folic acid ε=29028.6 
M-1 cm-1 in DMSO). It is found that 8.5% of the NH2 groups on bead surface were linked 
to the folic acid molecules. Fig 5-6 shows the absorbance spectrum of the beads before 































































Fig 5-6: The absorbance spectrum of 17.5 M folic acid in DMSO (green line), 1 m 
















1 m 9×1010  0509/07 Maghemite Silica NH2 
200 nm 1.1×1013  2907/08 Maghemite Silica NH2 
 
5.3.5 Cell Culture 
HT-29 cells were cultured at 37 oC with 5% CO2 in air, in DMEM medium supplemented 
with 10% fetal bovine serum and 100 units/mL penicillin-streptomycin. For subculture, 
the cells were washed with PBS and incubated with 0.05% trypsin-EDTA solution for 8 
min at 37 oC to detach the cells. Then, the complete medium was added to inhibit the 
effect of trypsin. The cells were washed by centrifuging and resuspended in complete 
medium for reseeding in new culture flasks. HT-29 cells with passage number between 22 
and 30 were used in the experiments. Red blood cells (RBC) were isolated from whole 
horse blood by centrifugation, stored in PBS at 4 oC and used within a week. 
 
5.3.6 Cell Separation Experiments Setup 
Polyetheretherketone (PEEK) tubing was used to connect the microchannel inlets to a 
syringe pump (KDS Scientific, USA). NdFeB35 permanent magnet (34×4.8×1 mm3, Br 
=12000 G, NEOFLUX® Goudsmit Magnetics, Netherlands) was placed at a distance of 1 
mm from the microchannel (Fig 5-7). Folic acid conjugated beads were added into the 
mixture of HT-29 cells (viability > 94%) only or mixture of HT-29 cells and horse red 
blood cells in PBS and the mixture was incubated on a rotisserie hybridization rotator 




HT-29 cells were 200 and 5000 respectively. The cell and beads mixture was injected into 
the upper inlet, while the PBS buffer was perfused into the lower inlet simultaneously. 
For different flow rates, after attainment of steady state, the eluent were collected at the 
two outlets in batches of 8 L volume. 2 L 0.4% trypan blue was added to each eluent 
batch for the cell viability test. The amount of HT-29 cells and RBCs including the dead 
cells was counted on the hemocytometer and then the yield (estimated separately for each 
cell type: FRsep +FRwall), viability and purity (HT-29 cells/total cells in the separation 
channel) of separated HT-29 cells were estimated (see Appendix VII). From our 
experiments, we have found that owing to cell deposition in the inlet tubing, the yield is 
better calculated based on the actual cell count at the outlet. Cell deposition within the 
microchannels is quite low and the difference in inlet and outlet counts is small. 
 
Fig 5-7: Schematic of cell-nanobead transport in microchannel. 
 
5.3.7 HT-29 Cell Specific Assay 
Before and after separation, we need to identify whether the cell suspension or the 
isolated cells contain HT-29 cells, which is called cell specific assay. Carcinoembryonic 















sensitive to HT-29[117], goat polyclonal anti-CEA was used for the specific assay. The 
anti-CEA antibody (0.2 mg) was reacted with NHS-fluorescein in DMF (1.52 L, 10 
mg/mL) in borate buffer (100 L, 50 mM, PH=8.5) at 4 oC overnight. The free 
fluorescein was removed using ultrafiltration with MWCO =50000 Da (Vivaspin 500, 
Sartorius Stedim Biotech, France) by centrifuging in PBS buffer. Fluorescence labeled 
anti-CEA (0.5 L, 0.2 mg/mL) was then incubated with the 80 L of collected cell 
suspension from the microchannel outlet for around 10 min at room temperature. After 
washing by centrifugation, the cell suspension was injected into the hemocytometer and 
fluorescence images were taken by microscope. This specific antibody binding assay was 
used to verify the accuracy of our size based counting method (HT-29 cells are clearly 
bigger than RBCs) on the hemocytometer.  
 
5.3.8 Cell Rolling Velocity Measurement 
The microchannel system was placed under a microscope with an attached video camera. 
Videos of cells flowing in the channel were taken at different pump flow rates. The 
videos were divided into frames in Adobe Premiere (Adobe Systems Incorporated, USA). 
From frame by frame analysis, the distance of a specified cell rolling on the wall could be 
measured. The time between frames was known, so the cell rolling velocity for different 
pump flow rates could be estimated (Appendix IV). On the side walls of the 
microchannel, movement of cells along the wall height is not measurable. However, the 
errors arising from this are expected to be small because the channel height is much 





5.4 Results and Discussion 
5.4.1 Bead Binding to Attached HT-29 Cells 
Folic acid conjugated magnetic beads (1 m) with green fluorescence were used to 
determine the binding conditions and parameters with HT-29 cells in micro-plate. A 
fluorescence intensity (FI) calibration graph was generated from original stock of 1 m 
beads diluted to different number density. A micro-plate reader (Fluostar Optima, BMG 
Labtech, USA) was used to measure the fluorescence intensity of the beads. Linear 
calibration curve of fluorescence intensity versus number density of beads was obtained 
with R2=0.9995 (Fig 5-8) for 1 m beads in NUNC 96 well plates (black bottom and 
side). Hence, the number of beads bound to the cells could be estimated from this 
calibration curve.  
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5.4.1.1 Determination of Binding Medium 
380 L HT-29 cells in complete medium (1×105/mL) were added into NUNC 24 well 
plates (transparent). After incubation for around 20 hours, the old medium was discarded 
and 380 L folic acid conjugated 1 m beads in binding medium were added to the cells 
with the cell-beads ratio of 1:100. Three binding medium were tested: complete medium 
(CM), DMEM and PBS. The cells were incubated on a shaker (~100 rpm) at room 
temperature for 30 min. The cells were then rinsed 3 times with PBS and filled with 380 
μL PBS.  
 
Fig 5-9(a) shows that there were no beads on the cell surface when HT-29 cells bound 
with no folic acid conjugated beads. When cells bound with folic acid conjugated beads, 
green fluorescence could be seen on the cell surface (Fig 5-9 (b)(c)(d)). That means the 
folic acid conjugated beads can specifically bind to HT-29 cells through the folic 
acid/folate receptors. From Fig 5-9(c) and (d), we can see that some free beads stuck to 
the micro-plate when the binding medium was DMEM or PBS. When the binding 
medium was CM, there were almost no free beads on the micro-plate (Fig 5-9(b)). That 
means CM could reduce the nonspecific binding of beads to the micro-plate. The 
underlying reason was not studied. It is possible that the proteins in the CM could prevent 
the beads sticking to the plate. Hence, CM was used when doing the cell-beads binding 




Fig 5-9: HT-29 cells bind with 1 m beads (a) no folic acid conjugated beads in CM, (b) 
folic acid coated beads in CM, (c) folic acid conjugated beads in DMEM, (d) folic acid 
conjugated beads in PBS. 
 
5.4.1.2 Determination of Binding Time 
The binding experiment of HT-29 cells (1.8×105/mL) with folic acid conjugated 1 m 
beads was carried out for different incubation time (15, 30, 45, 60, 75 and 90 minutes) in 
NUNC 24 well plates. The cell to beads ratio was kept at 1:100. Fig 5-10 shows the 
relationship between fluorescence intensity of beads, which were bound to HT-29 cells, 
and the incubation time. For different incubation time, the FIs of bound beads were not 
statistically different. It appears that the incubation time is not an important factor that 
influences the quantity of beads binding to the cells. The binding time of 30 min was 
chosen in the following experiment for determination of Bmax, Kd and Kdn. The FIs for 
(a) (b) 






each incubation time were averaged from five samples and showed a big variation. It is 
likely that some of cells in the wells may be washed off during rinsing step and this may 
cause difference in cell numbers.  
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Fig 5-10: Fluorescence intensity of bound beads versus incubation time  
 
5.4.1.3 Determination of Bmax, Kd and Kdn  
Three important parameters, Bmax, Kd and Kdn were found by the binding experiment with 
the cell to beads ratio of 1:50, 1:100, 1:200, 1:300, 1:500. The mixture of HT-29 cells 
(1.0×105/mL) and folic acid conjugated 1 m beads in the complete medium were 
incubated in NUNC 96 well plates (black bottom and side) for 30 min. Fig 5-11 shows 
the relationship between fluorescence intensity of beads, which were bound to HT-29 
cells, and beads to cell ratio. With the increasing of bead to cell ratio, the number of 




value was determined by two main factors: the number of folate receptors on the cell 
surface and bead size. One bead attached to folate receptor may block the rest of beads 
binding to surrounding receptors because of steric hindrance. Larger beads would occupy 
more receptor binding sites.  
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Fig 5-11: Fluorescence intensity versus beads to cell ratio 
 
The FI values were converted to the number density of beads by the linear equation 
y=1.919×10-5x in Fig 5-8. The experimental data was fitted to the Eqn. (5-8) and matched 
well to the binding models (Fig 5-12). From the fitting data, the specific dissociation 
constant Kd = 6×107/mL and the nonspecific dissociation constant Kdn =7.08×109. The Kd 
value is 2 orders smaller than Kdn value. This means that the binding affinity of beads to 
cells is much higher than the affinity to micro-plate. The nonspecific binding had a 




of beads were specifically bound to the cells and the nonspecific binding played a minor 
role in the binding experiment. The maximum number of bound beads per cell Bmax was 
found to be 250.65. The linear equation used to calculate the bead number was for the 
beads in suspension, while the beads in the binding experiment were just on the cell 
surface and formed a layer at the bottom of the micro-plate. Hence, the bound beads and 
Bmax may be overestimated slightly.  
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Fig 5-12: Bound beads per cell versus total free beads (=total added beads-total bound 
beads); black dot: experimental data; red line: model fitting curve for specific binding; 
blue line: model fitting curve for nonspecific binding. 
 
5.4.2 HT-29 Cell Separation 
5.4.2.1 Microfluidic Two-phase Flow Test 




perfused into the lower inlet simultaneously (shown in Fig 5-13). Fig 5-13(c) shows the 
cells were confined to upper phase at the inlet of the channel. At the outlet (Fig 5-13(a)), 
no cells diffused into the lower phase in the channel due to the small diffusion coefficient.  
 
Fig 5-13: Microfluidic two-phase flow test with red blood cells, (a) outlet; (b) middle; (c) 
inlet. 
 
5.4.2.2 Cell Rolling Velocity on the Wall 
The theoretical results presented in Chapter 4 were obtained by fixing the wall rolling 
velocity on the basis of fluidic shear forces only. However, the rolling velocity is also 
affected by magnetic forces on the attached beads and other near-wall effects. We have 
measured the rolling velocity and compared it to the theoretical value as shown in Fig 
5-14(a) and (b). Two important observations, which are common to Fig 5-14(a) and (b), 
may be made here. Firstly, at fluid flow velocity above 0.2 cm/s, the measured rolling 
velocity is higher than the theoretical value and the difference increases with fluid 
velocity. The higher than expected rolling velocities are indicative of additional near-wall 
forces at higher fluid velocities. Secondly, at low fluid velocity (< 0.2 cm/s) the measured 
rolling velocity goes to zero faster than the theoretical velocity. The second observation 
may be expected to arise from magnetic forces on the beads, but other effects such as 
wall “stickiness” and various electrostatic forces are also possible.  
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Fig 5-14: Cell rolling velocity uw with (a) 1 m and (b) 200 nm beads as a function of 
average flow velocity avg.  Red dots are experimental data; blue line is theoretical result 
as given by (6 / )w c avgu R H  ,where Rc= 6.6 ± 0.0943 m, solid line: averaged value, 







5.4.2.3 HT-29 Cell Specific Assay 
Before mixing HT-29 cells with RBCs, specific assay was done to HT-29 cells and RBCs 
respectively. Fig 5-15(b) and (d) show the fluorescence images of HT-29 cells and RBCs 
after binding with fluorescence labeled anti-CEA. HT-29 cells showed green fluorescence, 
while RBCs did not have any fluorescence.  
  
  
Fig 5-15: (a) Bright field and (b) fluorescence (exposure time: 2 s) images of HT-29 cells 
after specific assay; (c) bright field and (d) fluorescence (exposure time: 2 s) images of 
RBCs after specific assay. 
 
After incubation of the mixture of HT-29 cells, RBCs and beads, the cell suspension was 
injected into the microfluidic channel and collected from the channel outlets. Fig 5-16 






assay from the feed channel outlet. The big cells showed fluorescence, which meant that 
these cells were HT-29. The small cells did not show any fluorescence, which meant 
these cells were RBCs. Hence, in following experiments, the counting of HT-29 cells and 
RBCs could be based on their sizes. 
  
Fig 5-16: (a) Bright field and (b) fluorescence (exposure time: 1 s) images of collected 
sample (for 200 nm beads) after specific assay from the outlet of feed channel at pump 
flow rate 8 L/min. 
 
5.4.2.4 Cell Separation Ratio 
Fig 5-17 presents results of our separation experiments involving a mixture of HT-29 and 
red blood cells. The ratios of HT-29: RBC were 0.1 ± 0.06 (1 m beads) and 0.17 ± 0.1 
(200 nm beads) based on outlet cell counts. At residence times (L/avg) between 2 and 4 s, 
the 1 m beads isolate about 70% of the HT-29 cells, while the 200 nm beads isolate 
about 85% of the cells. The red blood cells appearing in the separation mixture is less 
than 5%. This is most likely due to the intrinsic magnetic property of red blood cells. 
When the residence time is decreased below 2 s (increased fluid velocity > 1 cm/s), the 





comparison with theory is not feasible due to the dimensions of our experimental system 
where all four walls exert a hydrodynamic effect. The theory is best applied to a high 
aspect ratio microchannel (ratio of height to width >> 1). In the real microchannel system, 
the channel height and width are comparable. For the microchannel with different height 
to width ratio, the profile of flow velocity will be different (Appendix VI). Also, it is 
quite difficult to measure or estimate the number of bound beads on each cell. Hence, we 
present a theoretical curve in Fig 5-17(a) to provide a qualitative comparison. Same 
experiments were repeated when the beads were applied to HT-29 cells only (Fig 5-18). 
From the comparison of Fig 5-17 and Fig 5-18, one may observe that similar separation 
ratio of HT-29 cells was obtained for the cases with and without red blood cells.  
 
5.4.2.5 HT-29 Cell Separation Purity and Viability 
In the experiments, we found that viability of HT-29 cells was higher (> 80%) when 
contact time with tubing and other surfaces was less. With the increase of contact time, 
the viability of the cells will drop to ~50% (Appendix VII). Table 5-2 shows purity of 
HT-29 cells before and after separation. Before separation, the percentage of HT-29 cells 
in whole cell mixture is around 5-15% (based on outlet cell counts). After separation, the 
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Fig 5-17: Cell separation ratio as a function of average flow velocity avg.  (a) 1 m and 
(b) 200 nm beads applied to a mixture of HT-29 and RBCs. Red dots are experimental 
separation ratio of HT-29 cells while blue dots are experimental separation ratio of RBCs.  
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Fig 5-18: Cell separation ratio as a function of average flow velocity avg.  (a) 1 m and 
(b) 200 nm beads applied to HT-29 cells only. Red dots are experimental separation ratio 
of HT-29 cells; Black line is the model result for 1 m beads when H/2Rc =10 and uz_c 




















0.422 4.24±0.53 39.89±2.44 12.37±7.43 60.71±22.87 
0.843 12.88±0.41 67.79±15.06 13.46±5.79 64.64±15.20 
1.687 10.63±0.18 67.90±6.35 14.67±11.44 64.81±22.49 
2.53 13.51±2.30 64.43±22.31 14.02±4.01 59.14±11.79 
3.374 6.93±0.45 43.01±9.63 15.25±4.23 57.98±11.42 
 
5.5 Conclusion 
Affinity targeting of cell surface receptors offers a highly specific method for separating 
cells. Three important parameters, Bmax, Kd and Kdn were found through the specific and 
nonspecific binding experiments between HT-29 cells and folic acid conjugated beads. 
The experimental binding data provides an inherent understanding of cell surface 
receptor/ligand binding. It also provides a good preliminary study for the affinity cell 
separation. Experimental cell rolling data provide evidence of the existence of other near-
wall forces that increase cell rolling velocity beyond that predicted by fluid shear forces 
alone. We have also demonstrated a high degree of separation of human colon carcinoma 
cells from red blood cells. Approximately, 70% (with 1 m beads) and 85% (with 200 nm 
beads) of the HT-29 cells were isolated from the cell mixture. The viability of the cells 
could be kept above 80% when the contact time of cells with tubing and other surfaces 
was reduced. This sorting method can be used universally if beads are modified with 




Chapter 6                                                            
Conclusion 
6.1 Original Contributions of This Project 
To accurately quantify the magnetic force acting on superparamagnetic nanobeads, we 
have devised an experimental system that closely follows the cell separation microsystem.  
In the experiment, the nanobeads are entrained in flowing aqueous fluid so as to form one 
phase of a two-phase microfluidic flow. This continuous flow system has a number of 
advantages: (a) reducing the possibility of bead aggregation (b) allowing additional 
verification of bead transport by diffusion in the absence of a magnetic field (c) 
minimizing bead accumulation on the microchannel wall. These advantages allow us to 
have a higher degree of confidence in the data presented in Fig 3-11. The magnetic field 
was also measured accurately over micron length scale. By developing a model 
describing the transport of beads in the microchannel, we are able to identify the 
discrepancy between experimentally and theoretically estimated magnetic force on each 
bead. This original method has revealed a large difference in the magnetic force 
experienced by each bead. We have therefore proposed a correction to the widely used 
magnetic force equation (Eqn. (3-9a)) that appears as a 3 correction term in Eqn. (3-18).  
To provide further insight into the 3 term, we have employed a statistical curve fitting 
procedure to conclude that the 3 correction scales linearly with the core volume of the 




by referring to the activation energy for the transition of magnetization. Overall, we have 
employed a novel and original method to identify beads that experience much larger 
magnetic force than was previously known. 
 
Accurate mathematical models are required for the successful design of the continuous 
microfluidic magneto-affinity cell separation microsystem. It is already acknowledged in 
the existing literature that hydrodynamic interactions dominate magnetic interactions in 
this type of device. However, no paper has presented detailed calculations of the 
important hydrodynamic interactions. In this thesis, I present a mathematical model that 
accounts for hydrodynamic wall interactions with the cells. This detailed and original 
model is able to predict the effect of hydrodynamic wall interaction on the cell separation 
and thereby greatly improves the accuracy of design calculations. 
 
The successful operation of the magneto-affinity cell separator must result in high 
separation yields accompanied by high cell viability. Viability of separated cells has not 
received adequate attention in the literature, but is very important nevertheless [118]. We 
have identified, from experimental observations, a parameter that may be directly 
correlated with cell viability. This parameter is the cell rolling velocity on the walls of the 
microchannel. Experimental data is reported, showing the change of cell rolling velocity 
with fluid flow velocity. Thus, cell rolling velocity provides a measure of severity of cell 
contact with the solid surfaces of the microchannel. Our mathematical model incorporates 
this parameter into design calculations. In this way, we have developed an original 




integrated into our model based design calculations. 
 
6.2 Challenges of This Project 
Due to the limit of syringe pump and big inner diameter of syringe, the flow is not stable 
when experiment was conducted in low flow rates (< 0.5 L/min). In order to avoid 
conducting experiment in low flow rate, we need to increase the number of bound beads 
per cell. Due to the low activity of folic acid, lots of experiments have been done to 
improve the folic acid conjugation efficiency to beads and cell-beads binding. For folic 
acid conjugation, different solublizing agents, reaction buffer, pH value, temperature and 
time were tried. For cell-beads binding experiments, different binding media and time 
were tested. The optimum conditions were chosen for the final experiments.  
 
When cells and beads were reacted in the suspension, it is quite difficult to separate free 
beads from cells and measure the number of beads bound on each cell. In our study, the 
number of beads bound to each cell was roughly estimated by doing the experiments with 
attached cells. In the future, one may try to separate free beads from cells and estimate 
the bound beads by measuring the absorbance change of cells before and after binding 
with beads. 
 
In the experiment, particles/cells precipitated very fast in the syringe or tubing. It results 
in a low cell separation output. In order to increase the cell separation output, syringe was 
placed vertically and the outlet of collection tubing was placed downward to avoid cell 




6.3 Future Work 
This work may be extended in various ways in the future. First, in our models, we only 
consider two walls effect by assuming channel height to width ratio >>1. In the real 
microchannel system, the channel height and width are comparable. Considering four 
wall effects will make the model more complete. However, the study of four wall effects 
on particle motion is rare in the literature. One may spend more time studying the 
hydrodynamic four wall effects theoretically and experimentally.  
  
In order to increase the cell separation output further, more studies are needed to reduce 
the cell deposition in the inlet tubing. This problem may be solved by increasing the 
viscosity of the cell suspension. Another possible method is using a small stirring system 
in the inlet before cell injecting into the microchannel. This stirring setup can also be 
integrated with temperature control system to maintain the cell viability. 
 
Additionally, more studies are needed to integrate the magnetic elements into the 
microsystem by fabrication technique, which can generate an equally strong magnetic 
force as permanent magnet. The integrated system may possibly be used to develop the 
portable device for cell separation application in medicine and life science research.  
 
In current system, the system only contains one single channel and may spend long time 
to process the cell samples with large quantity. It may be meaningful to develop a system 
with multiple microchannels, which could carry out the cell separation in parallel, process 





1. Lauffenburger, D.A. and J.J. Linderman, Receptors: Models for Binding, 
Trafficking, and Signaling. 1993, New York: Oxford University Press. 
2. Gee, A.P., Immunomagnetic Cell Separation Using Antibodies and 
Superparamagnetic Microspheres, in Cell Separation Mehtods and Applications, 
D. Recktenwald and A. Radbruch, Editors. 1998, Marcel Dekker Inc. 
3. Lacheisserie, É.D.T.d., D. Gignoux, and M. Schlenker, eds. Magnetism: 
Fundamentals. 2004, Springer. 
4. Moskowitz, B.M. Classes of Magnetic Materials.  1991; Available from: 
http://www.irm.umn.edu/hg2m/hg2m_index.html. 
5. Nguyen, N.-T. and S.T. Wereley, Fundamentals and applications of microfluidics. 
2002: Artech House Publishers. 
6. Duffy, D.C., et al., Rapid Prototyping of Microfluidic Systems in 
Poly(dimethylsiloxane). Analytical Biochemistry, 1998. 70(23): p. 4974-4984. 
7. McDonald, J.C., et al., Fabrication of microfluidic systems in 
poly(dimethylsiloxane). Electrophoresis, 2000. 21: p. 27-40. 
8. Cencic, A., et al., Porcine blood cell separation by porous cellulose acetate 
membranes. Cytotechnology, 1998. 26: p. 165. 
9. Higuchi, A., et al., Cell separation between mesenchymal progenitor cells through 
porous polymeric membranes. Journal of Biomedical Materials Research Part B: 
Applied Biomaterials, 2005. 74B: p. 511-519. 
10. Higuchi, A., et al., Peripheral blood cell separation through surface-modified 
polyurethane membranes. Journal of Biomedical Materials Research Part A, 2004. 
68A(1): p. 34-42. 
11. Higuchi, A., et al., Separation of CD34+ cells from human peripheral blood 
through polyurethane foaming membranes. Journal of Biomedical Materials 
Research Part A, 2006. 78A(3): p. 491-499. 
12. Zheng, S., et al. Deterministic lateral displacement MEMS device for continuous 
blood cell separation. in MEMS 2005, 18th IEEE International Conference on 30. 
2005. 
13. Huh, D., et al. Gravity-driven microhydrodynamics-based cell sorter (microHYCS) 
for rapid, inexpensive, and efficient cell separation and size-profiling. in 2nd 
Annual International IEEE-EMBS Special Topic Conference on 
Microtechnologies in Medicine & Biology, May 2-4, 2002. 2002. Madison, 
Wisconsin USA. 




Electrophoresis, 2004. 25: p. 1714-1722. 
15. Shiono, H. and Y. Ito, Novel Method for Continuous Cell Separation by Density 
Gradient Centrifugation: Evaluation of a Miniature Separation Column. 
Preparative Biochemistry & Biotechnology, 2003. 33(2): p. 87-100. 
16. Vlasselacer, P.V., et al., New Approaches in Density Gradient Separation Using 
Colloidal Silica Gradients in the Processing of Human Hematopoietic Progenitor 
Cells, in Cell Separation Mehtods and Applications, D. Recktenwald and A. 
Radbruch, Editors. 1998, Marcel Dekker Inc. 
17. De, G.G., et al., Microfluidic Cell Separation by 2-dimensional Dielectrophoresis. 
Biomedical Microdevices, 1999. 2(1): p. 41-49. 
18. Park, J., et al., An efficient cell separation system using 3D-asymmetric 
microelectrodes. Lab on a Chip, 2005. 5: p. 1264-1270. 
19. Huang, C., et al., Design and Fabrication of an Automated Microchip-Based Cell 
Separation Device. Analytical Letters, 2007. 40: p. 763-778. 
20. Li, Y., et al., Continuous dielectrophoretic cell separation microfluidic device. Lab 
on a Chip, 2007. 7: p. 239-248. 
21. Han, K.H. and A.B. Frazier, Diamagnetic capture mode magnetophoretic 
microseparator for blood cells. Journal of Microelectromechanical Systems, 2005. 
14(6). 
22. Han, K.H. and A.B. Frazier, Paramagnetic capture mode magnetophoretic 
microseparator for high efficiency blood cell separations. Lab on a Chip, 2006. 6: 
p. 265-273. 
23. Furlani, E.P., Magnetophoretic separation of blood cells at the microscale. J. Phys. 
D: Appl. Phys. , 2007. 40: p. 1313-1319. 
24. Dainiak, M.B., I.Y. Galaev, and B. Mattiasson, Affinity cryogel monoliths for 
screening for optimal separation conditions and chromatographic separation of 
cells. Journal of Chromatography A, 2006. 1123: p. 145-150. 
25. Putnam, D.D., V. Namasivayam, and M.A. Burns, Cell affinity separations using 
magnetically stabilized fluidized beds: Erythrocyte subpopulation fractionation 
utilizing a lectin-magnetite support. Biotechnology and Bioengineering, 2003. 
81(6): p. 650-665. 
26. Wysocki, L.J. and V.L. Sato, "Panning" For Lymphocytes: A Method for Cell 
Selection. Proc. Natl. Acad. Sci. USA, 1978. 75(6): p. 2844-2948. 
27. Small, M., et al., Isolation of CD3-, CD4-, CD8-, IL-2R+ thymocyte precursors by 
panning. Journal of Immunological Methods, 1994. 167(1-2): p. 103-107. 
28. Au, A.M.J. and S. Varon, Neural cell sequestration on immunoaffinity columns. 
Experimental Cell Research, 1979. 120(2): p. 269-276. 
29. Berenson, R.J., W.I. Bensinger, and D. Kalamasz, Positive selection of viable cell 
populations using avidin-biotin immunoadsorption. Journal of Immunological 




30. Berenson, R.J., et al., Antigen CD34+ marrow cells engraft lethally irradiated 
baboons. Journal of Clinical Investigation, 1988. 81(3): p. 951-955. 
31. Berenson, R.J., et al., Engraftment after infusion of CD34+ marrow cells in 
patients with breast cancer or neuroblastoma. Blood, 1991. 77(8): p. 1717-1722. 
32. Watts, M., et al., Evaluation of clinical scale CD34+ cell purification: experience 
of 71 immunoaffinity column procedures. Bone Marrow Transplantation, 1997. 20: 
p. 157-162. 
33. Webster, C., et al., Isolation of human myoblasts with the fluorescence-activated 
cell sorter. Experimental Cell Research, 1988. 174: p. 252-265. 
34. Hoven, M.Y., et al., Detection and isolation of antigen-specific B cells by the 
fluorescence activated cell sorter. Journal of Immunological Methods, 1989. 117: 
p. 275-284. 
35. Cinader, B., et al., Fluorescence-activated cell sorter (FACS) analysis of rabbit 
cells. Cellular Immunology, 1988. 112: p. 293-301. 
36. Fu, A.Y., et al., A microfabricated fluorescence-activated cell sorter. Nature 
Biotechnology, 1999. 17. 
37. Kruger, J., et al., Development of a microfluidic device for fluorescence activated 
cell sorting. J. Micromech. Microeng., 2002. 12: p. 486-494. 
38. Miltenyi, S., et al., High gradient magnetic cell separation with MACS. Cytometry, 
1990. 11: p. 231-238. 
39. Abts, H., et al., CD20 positive human B lymphocytes separated with the magnetic 
cell sorter (MACS). Journal of lmmunological Methods, 1989. 125: p. 19-28. 
40. Brosterhus, H., et al., Enrichment and detection of live antigen-specific CD4+ and 
CD8+ T cells based on cytokine secretion. European Journal of Immunology, 
1999. 29: p. 4053-4059. 
41. Bilkenroth, U., et al., Detection and enrichment of disseminated renal carcinoma 
cells from peripheral blood by immunomagnetic cell separation. international 
Journal of Cancer, 2001. 92: p. 577-582. 
42. Molnar, B., et al., Circulating Tumor Cell Clusters in the Peripheral Blood of 
Colorectal Cancer Patients. Clinical Cancer Research, 2001. 7: p. 4080-4085. 
43. Benez, A., et al., Detection of circulating melanoma cells by immunomagnetic cell 
sorting. Journal of Clinical Laboratory Analysis, 1999. 13(5): p. 229-233. 
44. Martin, V., et al., Immunomagnetic enrichment of disseminated epithelial tumor 
cells from peripheral blood by MACS. Experimental Hematology, 1998. 26(3): p. 
252-264. 
45. Busch, J., et al., Enrichment of fetal cells from maternal blood by high gradient 
magnetic cell sorting (double MACS) for PCR-based genetic analysis. Prenatal 
Diagnosis, 1994. 14: p. 1129-1140. 
46. Aggarwal, S. and M.F. Pittenger, Human mesenchymal stem cells modulate 




47. Inglis, D.W., et al., Continuous microfluidic immunomagnetic cell separation. 
Applied Physics Letters, 2004. 85(21). 
48. Inglis, D.W., et al., Microfluidic high gradient magnetic cell separation. Journal 
of Applied Physics, 2006. 99: p. 08K101. 
49. Pamme, N. and C. Wilhelmb, Continuous sorting of magnetic cells via on-chip 
free-flow magnetophoresis. Lab on a Chip, 2006. 6: p. 974-980. 
50. Tartaj, P., et al., The preparation of magnetic nanoparticles for applications in 
biomedicine. Journal of Physics D: Applied Physics, 2003. 36(13): p. R182-R197. 
51. Pankhurst, Q.A., et al., Applications of magnetic nanoparticles in biomedicine. 
Journal of Physics D: Applied Physics, 2003. 36(13): p. R167-R181. 
52. Pamme, N., Magnetism and microfluidics. Lab on a Chip, 2006. 6: p. 24-38. 
53. Ostergaard, S., et al., A novel approach to the automation of clinical chemistry by 
controlled manipulation of magnetic particles. Journal of Magnetism and 
Magnetic Materials, 1999. 194(1-3): p. 156-162. 
54. Pamme, N., J.C.T. Eijkel, and A. Manz, On-chip free-flow magnetophoresis: 
Separation and detection of mixtures of magnetic particles in continuous flow. 
Journal of Magnetism and Magnetic Materials, 2006. 307: p. 237-244. 
55. Chronis, N., W. Lam, and L. Lee. A microfabricated bio-magnetic separator 
based on continuous hydrodynamic parallel flow. in Micro Total Analysis Systems 
2001. 2001: Kluwer Academic Publishers, Monterey, USA. 
56. Kim, K.S. and J.-K. Park, Magnetic force-based multiplexed immunoassay using 
superparamagnetic nanoparticles in microfluidic channel. Lab on a Chip, 2005. 5: 
p. 657-664. 
57. Kim, K.S. and J.-K. Park, Superparamagnetic nanoparticle-based 
nanobiomolecular detection in a microfluidic channel. Current Applied Physics, 
2006. 6: p. 976-981. 
58. Liberti, P.A. and B.P. Feeley, Analytical- and process-scale cell separation with 
bioreceptor ferrofluids and high-gradient magnetic separation, in Cell separation 
science and technology, D.S. Kompala and P. Todd, Editors. 1991, American 
Chemical Society. 
59. Jiang, Z., et al., An integrated microfluidic cell for detection, manipulation, and 
sorting of single micron-sized magnetic beads. Journal of Applied Physics, 2006. 
99(08S105). 
60. Han, K.H. and A.B. Frazier, Continuous magnetophoretic separation of blood 
cells in microdevice format. Journal of Applied Physics, 2004. 96(10): p. 5797-
5802. 
61. Nan Xia, T.P.H., Brian T. Mayers, Eben Alsberg, George M. Whitesides, Robert 
M. Westervelt, Donald E. Ingber, Combined microfluidic-micromagnetic 





62. Rong, R., J.-W. Choi, and C.H. Ahn, An on-chip magnetic bead separator for 
biocell sorting. J. Micromech. Microeng., 2006. 16: p. 2783-2790. 
63. Smistrup, K., et al., On-chip magnetic bead microarray using hydrodynamic 
focusing in a passive magnetic separator. Lab on a Chip, 2005. 5: p. 1315-1319. 
64. Lund-Olesen, T., H. Bruus, and M.F. Hansen, Quantitative characterization of 
magnetic separators: Comparison of systems with and without integrated 
microfluidic mixers. Biomed Microdevices, 2007. 9: p. 195-205. 
65. Carpino, F., et al., Quadrupole magnetic field-flow fractionation for the analysis 
of magnetic nanoparticles. Journal of Physics: Conference Series 2005. 17: p. 
174-180. 
66. Chalmers, J.J., et al., Flow through, immunomagnetic cell separation. Biotechnol. 
Prog., 1998. 14: p. 141-148. 
67. Sun, L., et al., Continuous, flow-through immunomagnetic cell sorting in a 
quadrupole field. Cytometry, 1998. 33: p. 469-475. 
68. Nakamura, M., et al., Separation of a breast cancer cell line from human blood 
using a quadrupole magnetic flow sorter. Biotechnol. Prog., 2007. 17: p. 1145-
1155. 
69. Ahn, C.H., et al., A fully integrated micromachined magnetic particle separator. 
Journal of Microelectromechanical Systems, 1996. 5(3). 
70. Liu, C., et al., On-chip separation of magnetic particles with different 
magnetophoretic mobilities. Journal of Applied Physics, 2007. 101. 
71. Ramadana, Q., et al., Microcoils for transport of magnetic beads. Applied Physics 
Letters, 2006. 88. 
72. Ramadana, Q., et al., An integrated microfluidic platform for magnetic 
microbeads separation and confinement. Biosensors and Bioelectronics, 2006. 21: 
p. 1693–1702. 
73. Ramadana, Q., et al., Simultaneous cell lysis and bead trapping in a continuous 
flow microfluidic device. Sensors and Actuators B, 2006. 113: p. 944-955. 
74. Kantor, A.B., et al., Magnetic Cell Sorting with Colloidal Superparamagnetic 
Particles, in Cell Separation Methods and Applications, D. Recktenwald and A. 
Radbruch, Editors. 1998, Marcel Dekker, Inc: New York. 
75. Hyun-Seok, K., et al., Separation of apoptotic cells using a microfluidic device. 
Biotechnology Letters, 2007. 29(11): p. 1659-1663. 
76. Furdui, V.I. and D.J. Harrison, Immunomagnetic T cell capture from blood for 
PCR analysis using microfluidic systems. Lab on a Chip, 2004. 4: p. 614-618. 
77. Yung, C.W., et al., Micromagnetic-microfluidic blood cleansing device. Lab on a 
Chip, 2009. 9: p. 1171-1177. 
78. Lee, H., A.M. Purdon, and R.M. Westervelt, Manipulation of biological cells 





79. Adams, J.D., U. Kim, and H.T. Soh, Multitarget magnetic activated cell sorter. 
Proceedings of the National Academy of Sciences, 2008. 105(47): p. 18165-18170. 
80. Hoffmann, C. and M. Franzreb, A novel repulsive-mode high-gradient magnetic 
separator-II Separation model. IEEE Transactions on Magnetics, 2004. 40(2): p. 
462-468. 
81. Warnke, K.C., Finite-element modeling of the separation magnetic microparticles 
in fluid. IEEE Transactions on Magnetics, 2003. 39(3): p. 1771-1777. 
82. Fukui, S., et al., Analytical study on open gradient magnetic separation using 
quadrupole magnetic field. IEEE Transactions on Applied Superconductivity, 
2004. 14(2): p. 1572-1575. 
83. Chronis, N., W. Lam, and L. Lee. A microfabricated bio-magnetic separator 
based on continuous hydrodynamic parallel flow. in Micro Total Analysis Systems 
2001: Kluwer Academic Publishers, Monterey, USA. 
84. Furlani, E.P. and K.C. Ng, Analytical model of magnetic nanoparticle transport 
and capture in the microvasculature. Physical Review E, 2006. 73. 
85. Jr., W.F.L., W.H. Simons, and R.P. Treat, The dynamics of a particle attracted by a 
magnetized wire. Journal of Applied Physics, 1977. 48(8): p. 3213-3224. 
86. Furlani, E.P., Analysis of particle transport in a magnetophoretic microsystem. 
Journal of Applied Physics, 2006. 99. 
87. Fukui, S., et al., Study on Open Gradient Magnetic Separation Using Quadrupole 
Magnetic Field. IEEE Transactions on Applied Superconductivity, 2002. 12(1): p. 
959-962. 
88. Hovorka, O., et al., Self-consistent model of field gradient driven particle 
aggregation in magnetic fluids. Journal of Applied Physics, 2005. 97: p. 10Q306. 
89. Li, X.L., et al., The investigation of capture behaviors of different shape magnetic 
sources in the high-gradient magnetic field. Journal of Magnetism and Magnetic 
Materials, 2007. 311(2): p. 481-488. 
90. Takahashi, M., et al., Numerical evaluation of separation characteristics of open 
gradient magnetic separation using quadrupole magnetic field. IEEE 
Transactions on Applied Superconductivity, 2005. 15(2): p. 2340-2343. 
91. Mikkelsen, C., M.F. Hansen, and H. Bruus, Theoretical comparison of magnetic 
and hydrodynamic interactions between magnetically tagged particles in microf 
systems. Journal of Magnetism and Magnetic Materials, 2005. 293: p. 578-583. 
92. Mikkelsen, C. and H. Bruus, Microfluidic capturing-dynamics of paramagnetic 
bead suspensions. Lab on a Chip, 2005. 5: p. 1293-1297. 
93. Wesseling, P., Principles of computational fluid dynamics. 2001: Springer-Verlag 
Berlin Heidelberg. 
94. Mikkelsen, C., M.F. Hansen, and H. Bruns, Theoretical comparison of magnetic 
and hydrodynamic interactions between magnetically tagged particles in 





95. Zborowski, M., Physics of magnetic cell sorting, in Scientific and clinical 
applications of magnetic carriers, U. Häfeli, et al., Editors. 1997, New York: 
Plenum Press. 
96. Jackson, J.D., Classical electrodynamics. Third ed. 1998: Wiley. 
97. Blake, J.R., A note on the image system for a stokeslet in a no slip boundary. 
Proceedings of the Cambridge Philosophical Society 1971. 70: p. 303-310. 
98. Nitsche, J.M. and P. Roy, Shear-induced alignment of nonspherical brownian 
particles near walls. AlChE Journal, 1996. 42(10): p. 2729-2742. 
99. Happel, J. and H. Brenner, Low reynolds number hydrodynamics: with special 
applications to particulate media 2ed. 1973: Leiden , Noordhoff International 
Publishing. 
100. Halow, J.S. and G.B. Wills, Radial migration of spherical particles in couette 
systems. AlChE Journal, 1970. 16(2): p. 281-286. 
101. B.P.Ho and L.G. Leal, Inertial migration of rigid spheres in two-dimensional 
unidirectional flows. J. Fluid Mech., 1974. 65: p. 365-400. 
102. Wu, L., M. Palaniapan, and P. Roy. A model of magneto-affinity cell capture and 
transport in microchannels. in Proc. of the 3rd WACBE World Congress on 
Bioengineering. 2007. Bangkok, Thailand. 
103. Yang, S., et al. Red blood cell velocity profile in micro channel flow using 
fluorescence correlation spectroscopy. in The 4th Scientific Meeting of the 
Biomedical Engineering Society. 2007. Singapore. 
104. Strikwerda, J.C., Finite Difference Schemes and Partial Differential Equations. 
1989: Pacific Grove, Calif. : Wadsworth & Brooks/Cole Advanced Books & 
Software  
105. Roy, P., Measurement of Translational Diffusivity by Microchannel Multiphase 
Flow. Journal of Biomechanical Science & Engineering 2008. 3(3): p. 380-389. 
106. Goya, G.F., et al., Static and dynamic magnetic properties of spherical magnetite 
nanoparticles. Journal of Applied Physics, 2003. 94(5): p. 3250-3258. 
107. Morrish, A.H., The physical principles of magnetism. 1965, New York: John 
Wiley & Sonc Inc. 
108. Ganatos, P., S. Weinbaum, and R. Pfeffer, A strong interaction theory for the 
creeping motion of sphere between plane parallel boundaries. Part 1 
Perpendicular motion. J. Fluid Mech., 1980. 99(4): p. 739-753. 
109. Kim, S. and S.J. Karrila, Microhydrodynamics principle and selected applications. 
1991: Butterworth- Heinemann. 
110. Ganatos, P., S. Weinbaum, and R. Pfeffer, A strong interaction theory for the 
creeping motion of sphere between plane parallel boundaries. Part 2 Parallel 




111. LeVeque, R.J., Finite-volume methods for hyperbolic problems. 2004: Cambridge 
University Press. 
112. Nonancourt-Didion, M.d., et al., Overexpression of folate binding protein a is one 
of the mechanism explaining the adaptation of HT29 cells to high concentration 
of methotrexate Cancer Letters, 2001. 171: p. 139-145. 
113. B.A., J.S. and R.J. Lee, Targeted drug delivery via the folate receptor. Advanced 
Drug Delivery Reviews, 2000. 41: p. 147-162. 
114. Antony, A.C., Folate receptors. Annual Review of Nutrition, 1996. 16: p. 501-521. 
115. Zhang, Y. and N. Huang, Intracellular Uptake of CdSe ZnS Polystyrene 
Nanobeads. J. Biomed Mater Res Part B: Appl Biomater, 2006. 76B: p. 161-168. 
116. Antony, A.C., The biological chemistry of folate receptors. The Journal of The 
American Society of Hematology: Blood, 1992. 79(11): p. 2807-2820. 
117. Han, J.S., Padmanabhan, and P. Nair, Flow cytometric identification of cell 
surface markers on cultured human colonic cell lines using monoclonal 
antibodies. Cancer, 1995. 76(2): p. 195-200. 
118. Solen, K.A., J.D. Whiffen, and E.N. Lightfoot, The effect of shear, specific surface, 
and air interface on the development of blood emboli and hemolysis. Journal of 






Fluorescence intensity calibration curve of (a) 1000 nm (GREINER 384 small volume-
black microplate, Gain=1000), (b) 500 nm (NUNC 96 black microplate, Gain=1000) and 
(c) 100 nm beads (GREINER 384 small volume-black microplate, Gain=2000).  
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Table of ‘true’ and ‘averaged’ field B and gradient ׏B at dm=0. 







2050 0.047138 0.038755 39.8428 30.6 
2060 0.046741 0.038453 39.4641 30.2 
2070 0.046348 0.038155 39.0853 29.8 
2080 0.045960 0.037861 38.7066 29.4 
2090 0.045574 0.037571 38.3278 29 
2100 0.045193 0.037284 37.9491 28.7 
2110 0.044815 0.037001 37.5703 28.3 
2120 0.044442 0.036722 37.1916 27.9 
2130 0.044072 0.036446 36.8128 27.6 
2140 0.043705 0.036175 36.4341 27.1 
2150 0.043343 0.035907 36.0553 26.8 
2160 0.042984 0.035643 35.6766 26.4 
2170 0.042629 0.035383 35.2978 26 
2180 0.042278 0.035127 34.9191 25.6 
2190 0.041931 0.034874 34.5403 25.3 
2200 0.041587 0.034625 34.1616 24.9 
2210 0.041248 0.034380 33.7828 24.5 
2220 0.040912 0.034139 33.4041 24.1 
2230 0.040580 0.033901 33.0253 23.8 
2240 0.040251 0.033668 32.6466 23.3 
2250 0.039927 0.033438 32.2678 23 
2260 0.039606 0.033212 31.8891 22.6 
2270 0.039289 0.032989 31.5103 22.3 
2280 0.038976 0.032771 31.1316 21.8 
2290 0.038666 0.032556 30.7528 21.5 






The values of   txF  pxF tabulated from Ganatos and coworkers [108] in the range of
'1.1 1 1.1c cR Rz
H H
   for H/(2Rc)=10, 5, 3 and 2 ( rxF  tyT  pyT  ryT for H/(2Rc)=10). 
H/(2Rc)=10 
'z    txF  pxF  rxF   tyT   pyT   ryT  
0.055 11.8919 2.2633 0.3271 0.1191 0.089325 0.0843 1.4585 
0.06 6 1.9311 0.3456 0.0606 0.04545 0.084 1.2633 
0.07 3.7778 1.6643 0.3761 0.0297 0.022275 0.0831 1.1401 
0.08 2.9007 1.5231 0.4114 0.0146 0.01095 0.0817 1.0914 
0.09 2.4768 1.4446 0.4443 0.0085 0.006375 0.0803 1.0623 
0.1 2.1589 1.3871 0.4749 0.0049 0.003675 0.0787 1.0454 
0.11 1.9537 1.3452 0.5078 0.0029 0.002175 0.077 1.0331 
0.12 1.8494 1.3086 0.536 0.0013 0.000975 0.0752 1.024 
0.13 1.7761 1.2825 0.5712 0.0004 0.0003 0.0733 1.0169 
0.14 1.7104 1.2563 0.5995 0 0 0.0717 1.013 
0.15 1.6525 1.238 0.623 -0.0004 -0.0003 0.0698 1.0104 
0.16 1.61 1.2197 0.6512 -0.0007 -0.00053 0.0677 1.0091 
0.17 1.5714 1.204 0.6794 -0.0009 -0.00068 0.0658 1.0078 
0.18 1.5367 1.1935 0.7052 -0.0011 -0.00083 0.064 1.0065 
0.19 1.5019 1.1831 0.7288 -0.0012 -0.0009 0.0619 1.0058 
0.2 1.4788 1.1726 0.7546 -0.0013 -0.00098 0.0598 1.0052 
0.21 1.4517 1.1622 0.7781 -0.0014 -0.00105 0.0579 1.0045 
0.22 1.4286 1.1569 0.8016 -0.0015 -0.00113 0.056 1.0039 
0.23 1.4054 1.1517 0.8228 -0.0015 -0.00113 0.0539 1.0032 
0.24 1.39 1.1465 0.8439 -0.0015 -0.00113 0.0518 1.0026 
0.25 1.3707 1.1412 0.8675 -0.0015 -0.00113 0.05 1.0026 
0.26 1.3591 1.1386 0.8863 -0.0014 -0.00105 0.0479 1.0019 
0.27 1.3436 1.136 0.9074 -0.0014 -0.00105 0.046 1.0019 
0.28 1.3282 1.1334 0.9239 -0.0014 -0.00105 0.0439 1.0019 
0.29 1.3205 1.1308 0.9403 -0.0014 -0.00105 0.042 1.0013 
0.3 1.3127 1.1282 0.9568 -0.0014 -0.00105 0.0399 1.0006 
0.31 1.3012 1.1255 0.9732 -0.0013 -0.00098 0.0381 1.0006 
0.32 1.2896 1.1229 0.9897 -0.0013 -0.00098 0.036 1 
0.33 1.2819 1.1203 1.0038 -0.0013 -0.00098 0.0341 1 
0.34 1.278 1.1203 1.0156 -0.0012 -0.0009 0.032 1 
0.35 1.2703 1.1177 1.0273 -0.0012 -0.0009 0.0301 1 
0.36 1.2625 1.1151 1.0367 -0.0011 -0.00083 0.028 1 
0.37 1.2587 1.1151 1.0461 -0.001 -0.00075 0.0261 1 




0.39 1.251 1.1125 1.0649 -0.0009 -0.00068 0.0222 1 
0.4 1.2471 1.1125 1.072 -0.0009 -0.00068 0.0203 1 
0.41 1.2432 1.1099 1.079 -0.0008 -0.0006 0.0182 1 
0.42 1.2394 1.1099 1.0837 -0.0007 -0.00053 0.0163 1 
0.43 1.2394 1.1099 1.0884 -0.0007 -0.00053 0.0142 1 
0.44 1.2355 1.1099 1.0931 -0.0006 -0.00045 0.0121 1 
0.45 1.2355 1.1099 1.0978 -0.0005 -0.00038 0.0103 1 
0.46 1.2317 1.1099 1.1002 -0.0004 -0.0003 0.0082 1 
0.47 1.2317 1.1099 1.1049 -0.0003 -0.00023 0.0061 1 
0.48 1.2317 1.1099 1.1072 -0.0003 -0.00023 0.0042 1 
0.49 1.2317 1.1099 1.1096 -0.0002 -0.00015 0.0023 1 
0.5 1.2317 1.1099 1.1119 0 0 0 1 
 
H/(2Rc)=5
'z    txF  pxF  
0.11 11.8919 2.2921 0.642 
0.12 6.1034 1.9834 0.6676 
0.13 4.5595 1.8213 0.6982 
0.14 3.7315 1.7088 0.7264 
0.15 3.2315 1.6251 0.7523 
0.16 2.9139 1.565 0.7781 
0.17 2.6689 1.5205 0.804 
0.18 2.4702 1.4865 0.8298 
0.19 2.3113 1.4551 0.8533 
0.2 2.1722 1.4263 0.8769 
0.21 2.053 1.4028 0.9004 
0.22 1.9691 1.3845 0.9239 
0.23 1.9189 1.3662 0.9474 
0.24 1.8687 1.3531 0.9685 
0.25 1.8301 1.34 0.9873 
0.26 1.7954 1.3296 1.0085 
0.27 1.7606 1.3191 1.0273 
0.28 1.7336 1.3086 1.0461 
0.29 1.7066 1.3008 1.0626 
0.3 1.6834 1.2929 1.0814 
0.31 1.6602 1.2877 1.0978 
0.32 1.6371 1.2799 1.1166 
0.33 1.6216 1.2746 1.1284 
0.34 1.6023 1.272 1.1401 
0.35 1.5869 1.2694 1.1519 
0.36 1.5676 1.2668 1.1637 
0.37 1.5598 1.2642 1.1731 




0.39 1.5405 1.2589 1.1919 
0.4 1.5328 1.2563 1.1989 
0.41 1.5212 1.2537 1.2036 
0.42 1.5135 1.2511 1.2107 
0.43 1.5058 1.2511 1.2154 
0.44 1.5019 1.2485 1.2201 
0.45 1.4942 1.2485 1.2248 
0.46 1.4903 1.2459 1.2271 
0.47 1.4865 1.2459 1.2295 
0.48 1.4826 1.2432 1.2318 
0.49 1.4826 1.2432 1.2342 
0.5 1.4788 1.2432 1.2365 
 
H/(2Rc)=3 
'z    txF  pxF  
0.183 11.8919 2.3653 1.0259 
0.19 8.0222 2.2005 1.0414 
0.2 6.0862 2.041 1.0649 
0.21 4.9881 1.9285 1.0884 
0.22 4.3214 1.8527 1.1119 
0.23 3.8519 1.7951 1.1331 
0.24 3.5185 1.748 1.1542 
0.25 3.213 1.7088 1.1707 
0.26 2.9735 1.6774 1.1919 
0.27 2.8278 1.6486 1.2083 
0.28 2.702 1.6277 1.2271 
0.29 2.596 1.6068 1.2436 
0.3 2.4967 1.5885 1.2624 
0.31 2.4172 1.5728 1.2765 
0.32 2.3444 1.5597 1.2906 
0.33 2.2715 1.5466 1.3024 
0.34 2.2119 1.5362 1.3141 
0.35 2.1589 1.5283 1.3259 
0.36 2.1126 1.5205 1.3353 
0.37 2.0662 1.5126 1.3447 
0.38 2.0199 1.5074 1.3541 
0.39 1.9868 1.5022 1.3635 
0.4 1.9691 1.4969 1.3705 
0.41 1.9498 1.4943 1.3799 
0.42 1.9344 1.4891 1.387 
0.43 1.9228 1.4865 1.394 
0.44 1.9112 1.4839 1.4011 
0.45 1.9035 1.4813 1.4058 




0.47 1.888 1.476 1.4152 
0.48 1.888 1.4734 1.4199 
0.49 1.8803 1.4708 1.4222 
0.5 1.8803 1.4708 1.4246 
 
H/(2Rc)=2
'z    txF  pxF  
0.275 12.1236 2.5353 1.4682 
0.28 9.4211 2.4438 1.4834 
0.29 7.5 2.3339 1.5069 
0.3 6.3966 2.2398 1.5257 
0.31 5.6324 2.1718 1.5445 
0.32 5.0588 2.1168 1.5609 
0.33 4.631 2.0724 1.575 
0.34 4.2976 2.0331 1.5892 
0.35 4 1.9991 1.6009 
0.36 3.8056 1.973 1.6127 
0.37 3.6204 1.952 1.6244 
0.38 3.4537 1.9337 1.6338 
0.39 3.3241 1.9154 1.6432 
0.4 3.2037 1.8997 1.6526 
0.41 3.1019 1.8893 1.6597 
0.42 3.0278 1.8788 1.6667 
0.43 2.9868 1.8736 1.6738 
0.44 2.9536 1.8684 1.6785 
0.45 2.9205 1.8631 1.6832 
0.46 2.8808 1.8579 1.6879 
0.47 2.8609 1.8553 1.6926 
0.48 2.8411 1.8527 1.6973 
0.49 2.8212 1.8527 1.6996 






The distance of cell (bound with (a) 1 m and (b) 200 nm beads) rolling on the wall at 
different pump flow rate 
(a) Pump flow rate: 1 L /min 
Time interval: 2/3 s 
(a) Pump flow rate: 2 L /min 
Time interval: 1/3 s 
(a) Pump flow rate: 3 L /min 







Pump flow rate: 1 L /min 
Time interval: 2/3 s 
(b) 
Pump flow rate: 2 L /min 
Time interval: 2/3 s 
Pump flow rate: 3 L /min 





(a) TEM image of SiO2 coated Fe3O4 nanoparticles (by Dr. Li Zhengquan, in NUS-DBS 
EM lab); (b) Magnetic hysteresis of pure Fe3O4 nanoparticles (from Dr. Li Zhengquan) 
measured by VSM (in NUS-ECE ISML lab), the saturated mass magnetization of the 








































(1) Experimental cell separation yield, viability and purity for different flow velocity 
when 1 m (a) and 200 nm (b) beads applied to a mixture of HT-29 and RBCs. (V: 
viability; Y: yield; P: purity). Due to the evaporation of samples (8 L), the density of 
collected RBCs is a little higher than that of before separation in some cases. 
(a)  
Flow velocity (cm/s) 
Before 
separation 












live 9.04 95.36 0.296 67.54 79.98 41.63 0.444 81.02dead 0.44 0.0741 0.104
RBC 9.04  0.519 4.36   11.9  
0.422 HT-29
live 9.04 95.36 0.178 75.18 66.69 40.94 0.222 62.54dead 0.44 0.0889 0.133
RBC 9.04  0.385 4.10   9.39  
0.422 HT-29
live 9.638 98.52 0.133 64.75 69.16 37.10 0.178 59.93dead 0.145 0.0593 0.119
RBC 9.638  0.326 5.38   6.06  
0.843 HT-29
live 9.638 98.52 0.736 73.53 82.79 71.93 0.917 75.85dead 0.145 0.153 0.292
RBC 9.638  0.347 4.35   7.97  
0.843 HT-29
live 9.638 98.52 0.208 63.43 45.41 71.67 0.278 38.50dead 0.145 0.25 0.444
RBC 9.638  0.181 3.61   5.01  
0.843 HT-29
live 8.077 96.33 0.694 75.29 90.91 59.76 0.889 87.67dead 0.308 0.0694 0.125
RBC 8.077  0.514 6.08   8.46  
1.687 HT-29
live 9.04 95.36 0.597 56.32 87.76 59.04 0.958 79.30dead 0.44 0.0833 0.25 
RBC 9.04  0.472 4.58   10.3  
1.687 HT-29
live 9.689 94.90 0.347 48.69 64.14 71.09 0.722 64.99dead 0.521 0.194 0.389
RBC 9.689  0.22 2.39   9.22  
1.687 HT-29
live 8.077 96.33 0.816 53.40 88.03 73.57 1.25 72.00dead 0.308 0.111 0.486
RBC 8.077  0.333 5.15   6.46  
2.53 HT-29
live 9.689 94.90 0.264 38.71 65.51 72.48 0.569 54.66dead 0.521 0.139 0.472
RBC 9.689  0.153 1.98   7.72  
2.53 HT-29
live 9.689 94.90 0.319 41.15 63.80 86.75 0.583 47.98dead 0.521 0.181 0.632





live   0.0972 36.31 87.49 34.07 0.153 50.00dead  0.0139 0.153
RBC   0.215 2.62   8.22  
3.374 HT-29
live 9.04 95.36 0.0833 27.02 59.97 49.98 0.306 59.53dead 0.44 0.0556 0.208
RBC 9.04  0.139 1.25   11.1  
3.374 HT-29
live 8.077 96.33 0.153 27.96 91.67 31.62 0.403 67.50dead 0.308 0.0139 0.194
RBC 8.077  0.361 4.73   7.64  
3.374 HT-29
live 9.689 94.90 0.111 28.23 61.53 51.93 0.333 52.11dead 0.521 0.0694 0.306
RBC 9.689  0.167 1.85   9.02  
3.374 HT-29
live 9.04 95.36 0.0417 20.03 60.00 38.50 0.153 44.09dead 0.44 0.0278 0.194
RBC 9.04  0.111 0.99   11.2  
 
(b) 
Flow velocity (cm/s) 
Before 
separation 












live 13.14 97.53 0.311 79.18 55.24 37.26 0.415 58.37dead 0.333 0.252 0.296 
RBC 13.14  0.948 6.58   14.4  
0.422 HT-29
live 11.76 97.83 0.756 83.17 73.90 45.81 0.874 71.06dead 0.261 0.267 0.356 
RBC 11.76  1.21 8.34   14.5  
0.422 HT-29
live 11.58 97.79 1.89 92.22 81.75 74.29 2.04 81.37dead 0.262 0.422 0.467 
RBC 11.58  0.8 6.11   13.1  
0.422 HT-29
live 11.58 94.45 2.27 88.06 81.39 85.47 2.5 78.94dead 0.68 0.519 0.667 
RBC 11.58  0.474 3.95   12  
0.843 HT-29
live 13.14 97.53 1.53 89.12 92.45 80.42 1.69 91.01dead 0.333 0.125 0.167 
RBC 13.14  0.403 5.64   7.15  
0.843 HT-29
live 13.14 97.53 1.96 84.56 89.25 67.44 2.25 86.64dead 0.333 0.236 0.347 
RBC 13.14  1.06 6.75   15.7  
0.843 HT-29
live 11.76 97.83 0.486 75.38 81.41 43.86 0.667 84.22dead 0.261 0.111 0.125 
RBC 11.76  0.764 6.76   11.3  
0.843 HT-29
live 11.58 97.79 1.4 84.88 82.06 66.82 1.68 83.58dead 0.262 0.306 0.33 
RBC 11.58  0.847 6.01   14.1  




RBC 13.14  0.611 4.59   13.3  
1.687 HT-29
live 11.76 97.83 1.86 50.62 87.57 94.44 3.64 86.75dead 0.261 0.264 0.556 
RBC 11.76  0.125 1.30   9.63  
1.687 HT-29
live 11.58 97.79 0.167 48.77 60.07 41.68 0.403  dead 0.262 0.111 0.167 
RBC 11.58  0.389 2.86   13.6 70.70
1.687 HT-29
live 11.58 94.45 1.4 58.88 87.83 68.00 2.29  dead 0.68 0.194 0.417 
RBC 11.58  0.75 5.03   14.9 84.60
2.53 HT-29
live 11.76 97.83 0.403 39.02 74.35 49.36 0.958 68.97dead 0.261 0.139 0.431 
RBC 11.76  0.556 4.34   12.8  
2.53 HT-29
live 11.58 97.79 0.681 28.01 92.45 55.82 2.13 80.99dead 0.262 0.0556 0.5 
RBC 11.58  0.583 3.76   15.5  
2.53 HT-29
live 11.58 97.79 1.17 41.25 87.51 72.23 2.56 78.99dead 0.262 0.167 0.681 
RBC 11.58  0.514 3.43   15  
3.374 HT-29
live 11.76 97.83 0.389 29.39 75.68 56.92 1.43 81.76dead 0.261 0.125 0.319 
RBC 11.76  0.389 4.09   9.51  
3.374 HT-29
live 11.58 97.79 0.736 23.49 91.38 69.89 2.97 86.64dead 0.262 0.0694 0.458 
RBC 11.58  0.347 2.43   14.3  
3.374 HT-29
live 11.58 94.45 0.361 29.75 78.79 47.13 1.29 83.77dead 0.68 0.0972 0.25 
RBC 11.58  0.514 4.08   12.6  
 
(2) Experimental cell separation yield and viability for different flow velocity when (a) 1 














live 9.856 93.84 0.806 68.78 63.07 1.15 61.89 
dead 0.647  0.472 0.708 
0.422 
live 9.856 93.84 0.986 60.07 58.21 1.51 53.55 
dead 0.647  0.708 1.31 
0.422 
live 9.856 93.84 0.278 53.71 55.60 0.5 53.71 
dead 0.647  0.222 0.431 
0.422 
live 8.935 96.16 0.722 90.09 57.12 0.764 54.45 





live 8.935 96.16 0.944 88.77 57.14 1 53.73 
dead 0.357  0.708 0.861 
0.633 
live 8.935 96.16 0.486 58.98 71.47 0.653 56.63 
dead 0.357  0.194 0.5 
0.633 
live 8.935 96.16 0.444 73.22 58.19 0.556 53.36 
dead 0.357  0.319 0.486 
0.843 
live 7.782 97.09 0.708 63.79 76.13 0.958 65.71 
dead 0.233  0.222 0.5 
0.843 
live 7.782 97.09 0.556 68.97 78.42 0.639 62.16 
dead 0.233  0.153 0.389 
0.843 
live 9.856 93.84 0.736 55.21 51.47 1.58 61.00 
dead 0.647  0.694 1.01 
1.687 
live 8.515 98.26 1.15 83.52 81.33 1.29 76.20 
dead 0.151  0.264 0.403 
1.687 
live 8.515 98.26 0.569 79.49 55.40 0.736 56.97 
dead 0.151  0.458 0.556 
1.687 
live 8.515 98.26 0.472 64.23 75.52 0.542 55.70 
dead 0.151  0.153 0.431 
1.687 
live 8.44 97.40 0.972 66.17 97.22 1.4 92.65 
dead 0.225  0.0278 0.111 
1.687 
live 8.44 97.40 2.32 60.88 93.29 3.21 78.58 
dead 0.225  0.167 0.875 
1.687 
live 8.44 97.40 2.67 72.94 91.88 3.22 80.82 
dead 0.225  0.236 0.764 
2.53 
live 8.44 97.40 3.42 54.71 91.79 5.49 80.62 
dead 0.225  0.306 1.32 
2.53 
live 9.1 97.40 0.667 46.62 81.34 1.19 67.65 
dead 0.445  0.153 0.569 
2.53 
live 9.1 97.40 0.806 36.93 87.90 2.08 83.77 
dead 0.326  0.111 0.403 
2.53 
live 9.1 95.34 1.13 43.59 91.06 2.5 87.81 
dead 0.326  0.111 0.347 
3.374 
live 8.44 97.40 0.931 30.24 82.76 2.51 67.47 
dead 0.225  0.194 1.21 
3.374 
live 8.44 97.40 0.472 26.95 91.88 1.17 61.39 
dead 0.225  0.0417 0.736 
3.374 
live 8.44 97.40 1.28 35.55 98.93 2.57 70.60 
dead 0.225  0.0139 1.07 
(b) 















live 15 95.38 0.637 65.65 70.46 0.933 67.76 
dead 0.727  0.267 0.444 
0.422 
live 10.44 96.52 0.8 72.11 74.01 1.04 69.38 
dead 0.376  0.281 0.459 
0.422 
live 10.44 96.52 1.69 75.90 76.02 2.07 70.67 
dead 0.376  0.533 0.859 
0.843 
live 15 95.38 1.47 75.59 74.89 1.93 74.32 
dead 0.727  0.493 0.667 
0.843 
live 15 95.38 1.8 70.49 83.37 2.44 79.66 
dead 0.727  0.359 0.623 
0.843 
live 15 95.38 1.68 66.44 79.10 2.35 73.51 
dead 0.727  0.444 0.847 
0.843 
live 10.44 96.52 2.14 60.12 82.37 3.39 78.45 
dead 0.376  0.458 0.931 
1.687 
live 10.44 96.52 2.63 52.31 93.13 5.01 92.79 
dead 0.376  0.194 0.389 
1.687 
live 10.44 96.52 0.778 40.02 93.33 1.93 92.65 
dead 0.376  0.0556 0.153 
1.687 
live 12.88 96.33 1.78 52.78 87.08 3.22 83.14 
dead 0.491  0.264 0.653 
1.687 
live 12.88 96.33 0.77 50.64 66.67 1.57 68.83 
dead 0.491  0.385 0.711 
2.53 
live 12.88 96.33 0.472 41.74 73.87 1.1 71.85 
dead 0.491  0.167 0.431 
2.53 
live 11.23 98.04 1.33 30.01 88.84 4.6 92.20 
dead 0.225  0.167 0.389 
2.53 
live 11.23 98.04 1.56 26.66 86.19 6.15 90.59 
dead 0.225  0.25 0.639 
2.53 
live 11.23 98.04 0.514 25.75 59.70 2.58 77.15 
dead 0.225  0.347 0.764 
3.374 
live 10.44 96.52 1.03 27.01 94.88 3.63 90.32 
dead 0.376  0.0556 0.389 
3.374 
live 12.88 96.33 0.528 19.65 88.38 2.79 91.78 
dead 0.491  0.0694 0.25 
3.374 
live 11.23 98.04 0.486 20.15 77.76 2.63 84.78 
dead 0.225  0.139 0.472 
3.374 
live 11.23 98.04 0.583 19.51 71.18 3.53 84.11 





(1) Model of Nanobeads Transported in Two Phase Flow 
 
index=1; % 1 for 1 um beads, 2 for 0.5 um beads, 3 for 100 nm beads 
if index==1 
    %% 1 um Beads%% 
    Db=120*10^(-9); %m, core diameter of beads 
    Dc=1000*10^(-9); %m, diameter of beads 
    xb=7.874;%Magnetic susceptibility; 
    alfa=4.94; 
    FR=[5:0.5:15]; % uL/min, Pump flow rate 
end 
if index==2 
    %% 0.5 um Beads%% 
    Db=80*10^(-9); %m, core diameter of beads 
    Dc=500*10^(-9); %m, diameter of beads 
    xb=7.037;%Magnetic susceptibility 
    alfa=4.42; 
    FR=[5:0.5:15]; % uL/min ,Pump flow rate 
end 
if index==3 
    %% 100 nm Beads%% 
    Db=30*10^(-9);%m, core diameter of beads 
    Dc=100*10^(-9);%m, diameter of beads 
    xb=5.011;% Magnetic susceptibility 
    alfa=3.90; 
    FR=[0.5:0.1:2 2.5:0.5:5]; % uL/min ,Pump flow rate 
end 
B=0.0432; %T, magnetic field 
GB=35.1; % T/m, gradient of magnetic field 
H=230*10^(-6); %m, channel width 
L=0.02; %m, channel length 





xaq=-9.05*10^(-6); %Magnetic susceptibility of aqueous buffer 
Vb=pi*Db^3/6;%m^3, core volume of beads 
Rc=Dc/2;%m radius of beads 







    ux(k)=2*FR(k)*10^(-9)/(60*H*Dth);%m/s 
    a(k)=uz*L/(ux(k)*H); 
    b(k)=D*L/(ux(k)*H*H); 
    h=0.0005;%z 
    l=0.999/(2*b(k)/h^2+a(k)/h);%x; 
    x=0:l:1; 
    z=0:h:1; 
    nx=size(x,2); 
    nz=size(z,2); 
    %%%Initial Condition of Beads Density in the Channel 
    C=zeros(nx,nz); 
    j=0; 
    for z=0:h:0.5  
       j=j+1;    
       C(1,j)=1; 
    end 
    %%% Finite Difference Upwind Method 
    for i=1:nx-1 
       for j=2:nz-1 
C(i+1,j)=b(k)*l/h^2*C(i,j+1)+(1-a(k)*l/h-
2*b(k)*l/h^2)*C(i,j)+(a(k)*l/h+b(k)*l/h^2)*C(i,j-1); 
       end 
       C(i+1,1)=1/(1+a(k)*h/b(k))*C(i+1,2); 
       C(i+1,nz)=b(k)/(b(k)-a(k)*h)*C(i+1,nz-1); 
    end   
    %%Total Bead Flux at the inlet 
    Flux_t(k)=0; 
    for j=1:int16(nz/2) 
        Flux_t(k)=Flux_t(k)+h; 
    end 
    %% Bead Flux in the feed channel 
    Flux_feed(k)=0; 
    for j=1:int16(nz/2) 
        Flux_ feed (k)=Flux_ feed (k)+C(nx,j)*h; 
    end 
    Flux_ feed (k)=Flux_ feed (k)/Flux_t(k); 
    %% Bead Flux in the separation channel 
    Flux_sep(k)=0; 
    for j=int16(nz/2)+1:nz 
        Flux_ sep (k)=Flux_ sep (k)+C(nx,j)*h; 
    end 






(2) Model of Cell-nanobeads Complex Transported in Two Phase Flow 
 
Nm=10; %Number of beads bound to each cell 
B=0.098842;% T, magnetic field 
GB=123.171080;%T/m, gradient of magnetic field 
H=208*10^(-6); %m, channel width 
L=0.02; %m, channel length 




Rc=10.4*10^(-6);%10.4*10^(-6);%6.6*10^(-6);%m, HT29 cell radius 
Db=120*10^(-9);%m core diameter of beads 
xb=7.874;% for 1 m beads 












tm=8;%8 for H_2Rc=10;5 for H_2Rc=5; 
xm=1; 
delta=2*H_2Rc/10000;%H/10000 
z=[(1+delta)/(2*H_2Rc) zmin+h:h:zmax-h 1-(1+delta)/(2*H_2Rc)]; 
uz_new1=interp1(uz_N(:,1),uz_N(:,2),z); % Normalized, interpolating uz at z range from 
raw data 
ux_new=interp1(ux_N(:,1),ux_N(:,2),z); % Normalized,interpolating ux at z range from 
raw data 
uw_new=uw_N;  % Normalized 
 
%%Finite volume method: CTU %% 
FR=2:1:16;%l/min, Pump flow rate 
nr=size(FR,2); 
for p=1:nr 
    ux_avg(p)=2*FR(p)*10^(-9)/(60*H*Dth);%m/s 
    a(p)=uz_c*L/(ux_avg(p)*H); 
    uz_new=a(p)*uz_new1; 
    s=0.999*h/(a(p)*uz_N(int16(n/2),2));%t 
    l=ux_N(int16(n/2),2)*s/0.999;%x 




    s2=s; 
    t=0:s:tm; 
    x=0:l:xm; 
    nt=size(t,2); 
    nx=size(x,2); 
    %%Initial Condition of Cell Concentration in the Channel 
    C=zeros(nt,nx,nz); 
    %%x=0; 
    k=0; 
    for z=zmin:h:0.5  
       k=k+1;    
       C(2:nt,1,k)=1; 
    end 
    %%Initial Condition of Cell Concentration on the Wall 
    nt2=nt; 
    nx2=nx; 
    W=zeros(nt2,nx2); 
    for i=1:nt-1 
       for j=2:nx 
           for k=2:nz 
               %% Nonlinear scalar conservation laws%% 
               F1n=ux_new(k)*C(i,j-1,k); 
               F1p=ux_new(k)*C(i,j,k);% 
               G1n=uz_new(k-1)*C(i,j,k-1); 
               G1p=uz_new(k)*C(i,j,k); 
               F2n=-s*ux_new(k)*(uz_new(k)*C(i,j-1,k)-uz_new(k-1)*C(i,j-1,k-1))/(2*h); 
               F2p=-s*ux_new(k)*(uz_new(k)*C(i,j,k)-uz_new(k-1)*C(i,j,k-1))/(2*h); 
               G2n=-s*ux_new(k-1)*uz_new(k-1)*(C(i,j,k-1)-C(i,j-1,k-1))/(2*l); 
               G2p=-s*ux_new(k)*uz_new(k)*(C(i,j,k)-C(i,j-1,k))/(2*l); 
               C(i+1,j,k)=C(i,j,k)-s*(F1p+F2p-F1n-F2n)/l-s*(G1p+G2p-G1n-G2n)/h; 
           end 
       end   
    end 
    for i=1:nt2-1 
       for j=2:nx2  
           %%Fourth order accuracy of x %% 
           if j>=2&j<=3 
               f=-3*W(i,j-1)-10*W(i,j)+18*W(i,j+1)-6*W(i,j+2)+W(i,j+3);  
           end 
           if j>3&j<=nx2-1 
               f=-W(i,j-3)+6*W(i,j-2)-18*W(i,j-1)+10*W(i,j)+3*W(i,j+1); %semi one sided 
           end 
           if j==nx2 
               f=3*W(i,j-4)-16*W(i,j-3)+36*W(i,j-2)-48*W(i,j-1)+25*W(i,j); 
           end 




           W(i+1,j)=W(i,j)-uw_new*s2*f/(12*l2)+uz_new(nz)*s2*C(i,j,nz); 
       end   
    end 
    %%Total Cell Flux at the inlet 
    Flux_t=0; 
    for k=1:int16(nz/2) 
        Flux_t=Flux_t+ux_new(k)*h; 
    end 
    %%Cell Flux in the feed channel 
    Flux_1=0; 
    for k=1:int16(nz/2) 
        Flux_1=Flux_1+C(nt,nx,k)*ux_new(k)*h; 
    end 
    FR_feed(p)=Flux_1/Flux_t; 
    %%Cell Flux in the separation channel 
    Flux_2=0; 
    for k=int16(nz/2)+1:nz 
        Flux_2=Flux_2+C(nt,nx,k)*ux_new(k)*h; 
    end 
    FR_sep(p)=Flux_2/Flux_t; 
    %%Cell Flux on the wall 
    Flux_wall=uw_new*W(nt2,nx2); 































































Cell Surface Affinity Binding and Microfluidic Separation with 
1000 nm Magnetic Nanobeads 
Liqun Wu a, Lei Wang b, Moorthi Palaniapan a and Partha Roy b 
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Introduction: Cells can be isolated on the basis of various physico-chemical properties. 
The affinity separation method targets the cell surface receptors with suitable ligands. The 
ligand may be conjugated to a magnetic nanobead and the bead-cell complex can be 
isolated by a magnetic field [1,2]. Methods: The binding of 1000nm folic acid modified 
magnetic beads, to HT29 cells was studied in 96 well plates (Fig. 1). A simple 
microfluidic system with two fluidic inlets and outlets was fabricated to obtain two phase 
flow of identical aqueous solvents. The magnetic beads or HT29-bead complexes were 
entrained in one inlet while the other inlet (separation) channel had pure solvent input. 
The application of a magnetic field with a simple permanent magnet resulted in migration 
of beads or cell-bead complexes into the separation channel. Binding and transport 
models were developed to interpret the experimental data. Results: Significant difference 
between theoretical and experimental beads separation was observed. A correction factor 
was introduced to modify the magnetic force equation (Fig. 2). Based on this correction 
factor, the number of beads bound to HT29 cells in solution was estimated to be much 
less than the binding results in the well plate. Conclusion: Slow transport of 1000 nm 
beads reduces their effectiveness for magneto-affinity cell separation application. 
Fig.1. Total bound beads versus unbound 




Fig.2. Comparison of experimental and 
theoretical results for 1000 nm beads; Squares 
(expt) and dash line (theory) are results without 
magnetic field. Circles and solid line with 
magnetic field. 
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